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Evaluation of recovery in post-compaction matrices involves characterization of 
changes in compact physicomechanical properties over time. This research work 
addressed the need to develop suitable tools and methods for monitoring dimensional 
changes in post-compaction matrices. Laser-optical sensors, which operate on laser 
triangulation principles, were successfully employed in a setup that was developed 
and used to measure and profile time-dependent height and diameter changes in 
multiple compact samples simultaneously. The non-contact, semi-automatic, quasi-
continuous performance of the laser profiler was equivalent, if not preferable, to 
conventional contact measurement tools in terms of accuracy and functionality. 
Changes in tablet dimensions and tensile strength were observed to follow 4 distinct 
hyperbolic models when plotted against time. Based on these models, the quantitative 
parameters of the steady state value, SSresponse, and the time taken after tablet ejection 
to attain 50% of SSresponse in the hyperbola/hyperbolic decay phase, t50response, were 
derived and used for statistical comparison. In further analysis of the tablets' axial 
dimensional data obtained from the laser profiler, a line method was proposed to 
elucidate the homogeneity of axial dimensional changes across a tablet surface.  
Non-formulation variables affecting recovery in post-compaction matrices such as 
storage temperature and relative humidity conditions, compression force, tablet press 
type and tablet geometry were investigated in compacts produced from both binary 
and multi-component formulations of common pharmaceutical excipients. A complex 
relationship was revealed which underlined several important considerations when 
reviewing and comparing data of tablet recovery. 
xi 
 
Overall, this research work provided analytical tools and highlighted key 
considerations in the study of recovery in post-compaction matrices. The knowledge 
gained will be invaluable in troubleshooting potential issues that can arise from 
continuous pharmaceutical manufacturing. 
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Tablets are compressed or molded solid matrices containing active pharmaceutical 
ingredients (API), with or without other excipients (United States Pharmacopeial 
Convention, 2012). This conventional dosage form is usually circular or oval in shape 
with flat-faced bevel-edged (FFBE) or biconvex faces and a maximum dimension in 
any direction of up to 25 mm (American Pharmacists Association, 2006). Tablets are 
arguably the most preferred and commonly-prescribed among all oral dosage forms 
due to the advantages they offer in terms of convenient administration, accurate 
dosing, portability, handling, identification and superior chemical and physical 
stability (Jivraj et al., 2000; Klingmann et al., 2013). In addition, tablets are easy to 
handle and pack for healthcare professionals and allow a high production throughput 
for manufacturers.  
While most tablets are meant to be swallowed as a whole for subsequent 
disintegration and absorption in the gastrointestinal tract, tablets may be designed for 
alternative applications (Do et al., 2009). Some of these alternative applications 
include sublingual tablets for drugs that are absorbed in the oral mucosa. These 
sublingual tablets can provide rapid onset of action and bypass hepatic metabolism 
(Kumar et al., 2012). Compacted lozenges are another example of tablets that are 
intended to be kept in the buccal cavity for slow localized release of medicament to 
the mouth and/or throat. Tablets may also be implanted beneath the skin for prolonged 
drug release over an extended period of time. Other tablets such as effervescent 
tablets, solution tablets and hypodermic tablets are intended for dissolution or 
dispersion in water before administration or application (Aulton and Taylor, 2013). 
3 
 
Tablets can be produced by a variety of processes such as compaction, molding and 
freeze-drying (Ahmed et al., 2006; Cuff and Raouf, 1998; Emshanova et al., 2006; 
Sandri et al., 2006; Widjaja et al., 2013; Zhuikova et al., 2009). Among these 
processes, compaction is the most commonly-used in the industry due to its high 
throughput, efficiency, ease of operation and established methodology. 
Given the industrial relevance, this thesis focuses on tablet production by compaction 
using typical formulations and excipients meant for oral administration. In this 
chapter, an overview of the compaction process and excipients used in oral tablet 
formulations are presented. In addition, current limitations and research gaps in the 
field of tablet compaction with regard to the post-compaction recovery process are 
further illustrated. In Chapter 2, the research hypothesis is proposed and a series of 
research objectives are set out to test this hypothesis and fill the research gaps. In 
Chapter 3, the experimental methods employed to achieve the research objectives are 
described. In Chapter 4, the experimental results are reported and discussed 
accordingly. In Chapter 5, a conclusion of the studies is drawn and future directions 
are proposed. 
1.1 Pharmaceutical tablet manufacture 
Solid preparations in the form of tablets have been used by humans for many years 
and were previously referred to as troches, pastils, lozenges or pills (Çelik, 1996). 
One of the earliest record of tablets as a commercial pharmaceutical dosage form was 
before 500 B.C. when clay tablets known as “Tera Sigillata” were prepared on the 
Mediterranean island of Lemnos. These clay tablets were made by rolling dug clay 
into masses of similar thickness which were then impressed with an official seal and 
sun-dried before being distributed (Patil, 2012). It is claimed that Baruel wrote the 
first published description of pressing dry powders in a die to make a compact while 
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Wollaston was the first scientific researcher in this field (Baruel, 1822; Train and 
Lewis, 1962; Wollaston, 1829). Osann later also described a process for compacting 
copper powder in a die with pressure exerted on the punch using a knuckle press or 
hammer (Osann, 1841). In 1843, the first patent for a hand-operated tablet press was 
granted to an English pencil lead manufacturer, William Brockedon (Turkoglu and 
Sakr, 2009). His device did not require the use of any liquid adhesive agent and made 
tablets from compaction of medicinal ingredients. In the late 1870s, John Wyeth and 
Bros automated the tablet press which greatly increased the speed of tablet production 
(Gill, 1881). Since then, technological advances have led to a variety of modern tablet 
presses. Almost all of the tablet presses today, regardless of scale, possess similar 
working principles which involve compaction of particles by a machine fitted with 
tooling(s). A single station of tooling consists of an upper punch, a lower punch and a 
die. The next section will describe in greater detail the sequence of events during 
tablet compaction. 
1.1.1 Tablet compaction process 
In the tablet compaction process, tablets are produced by compression of particles 
within a die between two punches to form a compact. Compressibility is defined as 
the ability of a powder to decrease in volume under pressure while compactibility is 
defined as the ability of the powdered material to be compressed into a tablet of 
specified strength (Leuenberger and Jetzer, 1984). Hence, in this thesis, compaction 
would be the appropriate term when describing a process of producing a tablet, which 
is essentially a compact. 
A typical compaction cycle consists of die-filling, tablet formation and tablet ejection. 
In the die-filling step, feed material is fed into the die orifice by a feed frame or shoe. 
At this time, the lower punch is already inside the bottom end of the die so that feed 
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material may be deposited and held inside the die. Die-filling is a critical step to 
ensure minimal tablet weight variation and it is greatly affected by powder flow 
properties, as well as the design and operation of the feed frame (Freeman, 2011; 
Mateo-Ortiz et al., 2014; Mendez et al., 2010; Mendez et al., 2012; Wu et al., 2012). 
During the tablet formation step, the upper punch enters the die and the press 
mechanism brings the upper and lower punches closer together, causing a gradual 
increase in compression force on the powder bed. This reduction in distance between 
the punches continues until the desired tablet thickness or compression force is 
reached. As the applied compression force increases, particles inside the die go 
through a sequence of processes (Patel et al., 2006; Train and Lewis, 1962). Initially, 
upon application of compression force, particles in the die will start to rearrange and 
fill up any voids in the powder bed, resulting in closer packing and reduced porosity 
(Ili et al., 2009; York, 1978). Particle rearrangement continues until particles are 
unable to move due to increased particle-particle friction and particle-die wall friction 
brought about by the increasingly-limited volume of space. Subsequently with greater 
increase in compression force, the particles will start to deform to promote further 
packing and volume reduction (Cooper and Eaton, 1962). Depending on the rate and 
magnitude of the applied force, duration of the locally induced stress and materials' 
intrinsic property, particles will deform through elastic, plastic and/or fragmentation 
mechanisms (Çelik and Driscoll, 1993). Elastic deformation is reversible and occurs 
when the applied stress is less than the yield value. If the applied stress exceeds the 
yield value, irreversible plastic deformation occurs. Some strain-rate sensitive 
materials may also exhibit time-dependent viscoelastic deformations. In addition, as 
compression progresses, particles of materials which exhibit brittle fracture will 
fragment and undergo further rearrangement, as well as elastic and plastic 
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deformations (Duberg and Nyström, 1986). Often, pharmaceutical excipients will 
exhibit a combination of these deformation mechanisms to maximally reduce 
interparticulate distance. In turn, this increased proximity between the particles will 
bring about greater interparticulate bond formations, allowing them to cohere together 
as a solid compact, forming the tablet. Interparticulate bond formation mechanisms in 
tableting can be distinguished as follows: solid bridges, interfacial forces and capillary 
pressure at freely, movable liquid surfaces, adhesion and cohesion forces at non-freely 
movable binder bridges, molecular and electrostatic attraction forces between solid 
particles, and mechanical interlocking (Turba and Rumpf, 1964). Finally, in the tablet 
ejection step, the upper punch is raised and formed tablets are then pushed out of the 
die by the concurrent upward movement of the lower punch. During this step, 
decompression of the tablet will occur immediately upon removal of pressure from 
the upper punch. 
1.1.2 Commercial production of pharmaceutical tablets 
Commercial production of tablets encompasses several processes performed 
sequentially in batches and the processes involved will differ based on the 
manufacture approach taken, namely wet granulation, dry granulation or direct 
compaction approach (Aulton and Taylor, 2013). An outline of these three typical 












Fig. 1. Typical secondary manufacture process of tablets by the ( ) direct compaction 
approach or ( ) wet/dry granulation approach. 
 
Among these three approaches, direct compaction is most desirable for manufacturers 
as it reduces the number of processes required for tablet production and reduces heat 
and moisture effects (Jivraj et al., 2000; Shangraw and Demarest, 1993). In so doing, 
output is increased, while equipment and their validation, production costs, energy 
consumption and wastage are reduced (Bolhuis and Anthony Armstrong, 2006). 
However, the use of direct compaction has been restricted mainly to formulations of 
low dose APIs due to compactibility issues, resulting in lack of adequate tablet 
strength (Nystrom et al., 1982). Furthermore, direct compaction is only suited for 
free-flowing formulations where the feed materials can be directly fed into the tablet 
press for compaction without blend uniformity issues or filling inconsistencies 
(Livingstone, 1970). Most pharmaceutical formulations are mixtures of API(s) and 
Blending of drug and excipients 
Wet/Dry granulation 
Milling of granules 




Packaging and distribution 
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excipients which can segregate or have poor flow. Hence, granulation is often 
required for agglomeration of the fine particles before tableting. The decision for wet 
or dry granulation depends on the sensitivity of the API(s) and excipients to moisture. 
1.1.3 Excipients used in tablet formulations 
Tablet formulations typically contain one or more APIs and other major powdered 
excipients such as fillers, binders, disintegrants, glidants and lubricants. When 
judiciously selected for a formulation, these excipients ensure the smooth operation of 
the tablet manufacture process and desired quality of the final product. Selection and 
variation of formulation excipients is an important aspect of altering the performance 
of a tablet.  
For pharmaceutical tablets with low doses of API, fillers, also known as diluents, 
make up the bulk of the formulation and serve to provide volume and good 
compaction properties to the tablet. Commonly-used fillers include α-lactose 
monohydrate (Lactose), microcrystalline cellulose (MCC), dibasic calcium phosphate 
dihydrate (DCP), starch and mannitol (Shangraw and Demarest, 1993). These fillers 
should preferably be inert, free-flowing, non-hygroscopic, biocompatible and cheap, 
and have acceptable taste. 
Binders are frequently included in a formulation to improve the mechanical strength 
of granules and tablets. These binders may either be pressure binders which are 
directly added to the powder mixture, or solution binders which are added as a liquid 
during wet granulation (Krycer et al., 1983a, b). Examples of binders include 
polyvinylpyrrolidone (PVP), cellulose derivatives and starch. Different grades of 
these binders exist with various molecular weights and binding capacity. 
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After ingestion, tablets need to disintegrate to increase surface area for dissolution and 
better bioavailability. The pharmacopeial standard for maximum acceptable 
disintegration time (DT) of a normal immediate release tablet is 15 minutes. To meet 
this standard, disintegrants such as starch, sodium starch glycolate (SSG) and cross-
linked polyvinylpyrrolidone (X-PVP) are sometimes added to promote rapid 
disintegration. These disintegrants usually function through mechanisms of swelling, 
wicking and/or hydrogen bonding. 
Glidants and lubricants are excipients added to improve processability of a 
formulation. Glidants are added to improve flow of a powder mixture through 
reducing interparticulate friction. In turn, this improves die-filling and reduces the 
weight variation of tablets. The most common glidant used in most formulations is 
fumed or colloidal silicon dioxide. On the other hand, lubricants are primarily added 
as an anti-adherent to ease tablet ejection and prevent sticking and picking. Sticking 
refers to adhesion of the tablet to the punches or die wall while picking refers to 
adhesion of some tableting material from the tablet face to the punch. Although 
lubricants like magnesium stearate (MgSt), stearic acid and talc are required in small 
amounts, minimal usage is often advised to prevent issues of hydrophobicity, reduced 
dissolution and loss of tablet strength. 
1.1.4 Equipment used in tablet manufacture 
Key pharmaceutical processes involved in typical tablet manufacture are blending, 
granulation, milling, compaction and coating. 
Blending is required for homogenous mixing of the excipients and API(s), and 
subsequently for inclusion of any extra-granular material and lubricant before 
compaction. Several types of blenders are available such as the double-cone blender, 
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V-blender, bin blender, Turbula® mixer and high shear mixers. However, for large 
scale blending, the intermediate bulk containers (IBC) bin blenders are most 
commonly used in manufacturing plants. 
After blending the powdered materials, granulation, if required, is performed via a 
wet, thermoplastic or dry granulation processes (Šantl et al., 2011). Equipment used 
for wet granulation of powders includes the low and high shear granulators, extruders, 
spray dryers and fluid bed granulators. Using these equipment, the powdered 
excipients and APIs are adhered together to form agglomerates by adding liquids, 
typically water or polymeric binder solutions, to the powder mass. Alternatively, high 
shear granulators or extruders may be used for thermoplastic or melt granulation with 
appropriate binders such as polyethylene glycols, fatty acids, fatty alcohols, waxes or 
glycerides. For dry granulation, roller compactors are most commonly employed 
while slugging is also an alternative. 
Granules formed from wet granulation are then milled to reduce the particle size 
distribution to an acceptable or desirable range for tableting. Similarly, slugs or 
briquettes formed from dry granulation are also milled to a suitable particle size for 
tableting. Common mills used for these purposes are conical screen mills and hammer 
mills.  
After addition of lubricants such as MgSt or sodium stearyl fumarate, the blended 
material is then fed to a tablet press and compacted to produce tablets. In small-scale 
production, such as research laboratories and academic institutes, single-station tablet 
presses are usually used to make tablets. These machines make one tablet per 
compaction cycle and may be motorized or operated manually. Examples of these 
single-station machines include eccentric tablet presses, hydraulic presses and the 
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more recent compaction simulators. For large-scale production, motorized multi-
station rotary tablet presses are used (Nakamura et al., 2011). Maximally, about a 
hundred stations of tooling may be installed in some machines so that one full rotation 
of the turret can produce multiple tablets at very high speeds. Inevitably, high speed 
rotary tablet presses usually have a much faster punch penetration speed as compared 
to the slower single-station machines (Palmieri et al., 2005). Furthermore, at these 
speeds, dwell time in the rotary press is expected to be shorter than the typically 
slower single-station machines. Other than the production speed, dwell time and 
number of stations, two other major differences exist between rotary tablet presses 
and most single-station tablet presses. Firstly, in the rotary press, both the upper and 
lower punches exert pressure during the main compression phase. In the case of the 
single-station press, only the upper punch exerts pressure during main compression 
(Spaniol et al., 2009). The second difference between rotary and single-station presses 
is the presence of an additional pre-compression step before main compression in the 
former. The pre-compression step has been reported to improve tablet mechanical 
strength by enhancing particle re-arrangement and packing. In addition, some authors 
reported that pre-compression prevents tablet lamination and capping by allowing the 
release of trapped air from within the powder bed before compaction. 
Finally, the compacted tablets may be coated inside pan coaters or fluid bed coaters 
where one or more nozzles will be used to spray fine droplets of the coating 
suspension onto the tablets. Variables such as the spray rate, atomization and pattern 
air determines the size and spread of the fine coat droplets while heated air is used to 
dry the tablet coat rapidly. Tablets may be coated to enhance esthetics, provide 
identity or to induce modified in vivo release of the API. 
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1.1.5 Batch and continuous manufacture of tablets 
Commercial production of tablets is currently carried out as a batch process. Each 
process in the production pathway is performed for a fixed volume of material before 
the entire batch is transferred in an IBC to the next process.  The batch concept offers 
advantages in quality assurance and product tracking (Betz et al., 2003). While this 
traditional approach has served the industry well thus far, the advent of continuous 
and quasi-continuous manufacturing promises several attractive advantages over 
traditional batch manufacturing. One significant advantage is the avoidance of process 
scale-up challenges and issues (Leuenberger, 2001). Recent improvements in 
equipment technology that converts traditional batch processes to continuous or quasi-
continuous processes, and developments in process analytical technology (PAT) 
monitoring of process parameters and product quality have increased the likelihood of 
this transition (Ooi et al., 2013; Plumb, 2005; Tang et al., 2007). Furthermore, 
regulatory bodies have revised policies to promote quality by design (QbD) and 
parametric release, measures which encourage the transition of the pharmaceutical 
industry to continuous manufacturing. However, lack of knowledge regarding 
formulations and processes has stymied the progress in this area. For instance, one 
recent review by Cahyadi et al. questions the possibility of in-line coating for 
continuous manufacture of tablets. In this article, the suitability of tablet cores for in-
line coating was discussed as tablet core properties greatly affected the applicability 
of in-line coating. Among other relevant issues raised, the phenomenon of time-
dependent changes in physicomechanical properties of tablets after ejection was 
highlighted as a potential problem that may lead to increased internal stress on the 
film coating (Cahyadi et al., 2013).  
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1.2 Recovery of tablets 
Tablet recovery refers to the changes in physicomechanical properties of tablets 
during the post-compaction phase which occurs upon relief of the maximum load. 
This event is sometimes broadly referred to as stress relaxation or strain recovery by 
different authors when measuring in-die and out-of-die recovery respectively (Rees 
and Tsardaka, 1993). The measurements of stress relaxation and strain recovery are 
two of the most common approaches to understand powder compaction (Krycer et al., 
1982a). 
1.2.1 Immediate recovery and latent recovery 
Tablet recovery occurs both instantaneously upon relief of compression force and 
gradually across an extended period of time. In the former response, defined as 
immediate recovery, the observed changes are mainly driven by elastic recovery and 
to a lesser extent, viscoelastic recovery. In the latter response, defined as latent 
recovery, the observed changes are mainly caused by viscoelastic recovery. Therefore, 
in investigating recovery of post-compaction matrices, latent recovery of ejected 
tablets is evaluated.  
The total tablet recovery may be defined as the sum of both elastic and viscoelastic 
recovery (Rippie and Danielson, 1981). Elastic recovery in the axial direction occurs 
in-die upon relief of compression force while elastic recovery in the radial direction 
occurs during the ejection process upon relief of die-wall forces (Anuar and Briscoe, 
2009). On the other hand, time-dependent viscoelastic recovery begins in-die upon 
relief of compression force and can continue out-of-die for many days after tablet 
ejection. In particular, latent recovery is a collective reference to time-dependent 
changes in tablet physicomechanical properties after tablet ejection from the die. 
These changes may be caused by several factors, including viscoelastic recovery, and 
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the amount of elastically stored energy is commonly regarded as one of the primary 
driving forces for these observations (van der Voort Maarschalk et al., 1996). 
1.2.2 Mechanism of tablet recovery 
During tablet compaction, load applied on the powder column in the die imparts 
stresses to create elastic, viscoelastic and plastic strains. When the load is removed, 
the compact will undergo both instantaneous elastic recovery and gradual viscoelastic 
strain recovery to relieve internal stresses, while the irrecoverable plastic strain 
remains (Rehula et al., 2012). This viscoelastic behavior of the compact can be simply 
represented by a Maxwell and Voigt spring and dashpot mechanical model as shown 
in Fig. 2 (Çelik and Aulton, 1996; Mack, 1946b). It is this gradual viscoelastic 
recovery that contributes to the time-dependent physicomechanical changes observed 
in latent recovery of post-compaction matrices. 
 
 
Fig. 2. Viscoelastic behavior of a powder compact represented by Maxwell and 










The mechanism for gradual viscoelastic recovery has been related to the effects of 
stress relaxation and creep recovery, two time-dependent phenomena which are likely 
to occur on extended storage of a compact (Aulton et al., 1973). Creep recovery of a 
compacted specimen may be generally defined as time-dependent strain recovery 
occurring under conditions of constant stress, while stress relaxation refers to a time-
dependent decrease in stress under constant deformation (Aulton et al., 1973; Jain, 
1999; Mack, 1946a). Through either one of these two mechanisms, energy stored 
within the tablet may be released as a result of internal-stress redistribution within the 
component (Addleman and Webster, 1973). 
However, for an ejected tablet, neither of these mechanisms truly applies as their 
respective pre-requisite conditions are not maintained. As the compact shape changes 
post-compaction, magnitude and distribution of internal forces alter to unify stress 
patterns within the compact (York and Baily, 1977). Hence, constant stress conditions 
defined for simple creep recovery do not apply. Moreover, the changing shape of the 
compact also means that the constant deformation conditions for simple stress 
relaxation do not apply. The expansion of compacts during storage should be regarded 
in terms of a unique combination of both phenomena instead (Aulton et al., 1973). 
1.3 Latent recovery of post-compaction matrices 
After tablet ejection from the die, latent recovery may be observed through changes in 
several physicomechanical properties of the compacts. The extent and rate of changes 
observed are influenced by both inherent and external factors. 
1.3.1 Effects of latent recovery 
The generation of internal fractures, with their associated voids, is the principal 
feature of structural changes in latent recovery of tablets (Rippie and Morehead, 
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1994). The effects of latent recovery are often the result of a fine balance between 
stored elastic energy as a driving force and particle bonding as the counteracting force 
(Akseli et al., 2013).  
One of the tablet characteristics that has been widely reported to display significant 
time-dependent changes is tablet tensile strength (TS) (El Gindy and Samaha, 1983; 
Eriksson and Alderborn, 1994, 1995; Karehill and Nystrom, 1990b; Lordi and 
Shiromani, 1984; Rees and Rue, 1978; Rees and Shotton, 1970). In these studies, the 
tablet breaking force was measured using the routine diametrical compression method 
at different intervals after ejection to provide an indication of tablet TS fluctuations 
(Rees et al., 1970). Increases of about 100% have been reported for sodium chloride 
tablets measured just one hour after compaction. The authors explained that time-
dependent relaxation which provides stress relief within the compact resulted in 
elastic or plastic flow which increased the area of intimate contact between adjacent 
crystals. Hence, increased bonding may have occurred leading to the observed 
increase in tablet strength (Rees and Shotton, 1970). Sound emission studies of 
sodium chloride tablets also indicated that significant increase in compact strength in 
latent recovery could be due to surfaces moving in closer proximity to each other 
(Rue and Barkworth, 1980). Another study on sodium chloride tablets reported that 
the increase in TS upon storage could be dependent on the interacting effects of 
excipient particle size and the relative humidity (RH) conditions of storage (Eriksson 
and Alderborn, 1994). The porosity of the compact was also found to affect the 
magnitude and time period over which the tablet strength changed during storage in 0% 
RH conditions. Compacts of decreased porosity were observed to have increased 
magnitudes and longer time periods of changes in tablet strength. These changes were 
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thought to be possibly driven by temperature reduction of the compact after 
compaction (Eriksson and Alderborn, 1995). 
However, expansion of tablets in latent recovery has also been reported to play a 
significant role in tablet strength reduction. When the tablet expands, there is a 
reduction in the internal surface area involved in interparticle bonding which 
increases porosity and weakens the overall tablet microstructure (Hardy et al., 2006; 
van der Voort Maarschalk et al., 1998). This negative correlation was demonstrated 
using principal component analysis for tablets of commonly-used excipients like 
MCC, starch, Lactose and DCP (Haware et al., 2010). 
Another tablet characteristic that has been observed to vary in latent recovery is the 
tablet size. This change in tablet size is also referred to as latent dimensional recovery 
or springback and is synonymous with density or porosity changes (Nam et al., 2003; 
van der Voort Maarschalk et al., 1998). In the study of latent dimensional recovery, 
the tablet size is usually represented by measurements of the tablet height and 
diameter at different intervals after ejection (Picker, 2000). These values can be used 
to calculate changes in porosity and density over time as a measure of latent recovery 
(van der Voort Maarschalk et al., 1996; van Veen et al., 2002). Several authors have 
reported fluctuations in both tablet height and diameter for compacts of different 
materials (Aulton et al., 1973; Picker, 2001; Rees and Shotton, 1970; York and Baily, 
1977). In most cases, an increase in dimensions was observed and the change was 
time-dependent with marked expansion during the initial period after ejection and less 
so thereafter. Few observations of shrinkage were also reported for theophylline and 
fibrous compacts due to pseudo-polymorphic changes and reorganization processes 
induced during compaction respectively (Picker, 2001). Changes in tablet height and 
diameter were noted to be significantly different, often characterized by greater 
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changes observed in height due to uniaxial compression during tablet production 
(Hauschild and Picker, 2004; Haware et al., 2010). In one study, sodium chloride 
tablets showed a post-compaction strain recovery of 0.9% in the axial direction and 
0.2% in the radial direction (Rees and Shotton, 1970). In another study, maximum 
axial expansion of tablets of maize starch, MCC, pregelatinized starch (PGS), and 
DCP were 47.0 μm, 36.5 μm, 36.0 μm and 0.4 μm respectively versus maximum 
radial expansion which were mostly lower at 12.3 μm, 1.3 μm, 3.5 μm and 4.0 μm 
respectively (Okutgen et al., 1991a).  Hence, some authors deem radial changes to be 
of minor importance since it is relatively only a small percentage of the axial changes 
(Picker, 2001). Ratio of axial to radial strain depends on the ‘efficiency’ of 
transmission of forces throughout the different powders during compaction. Smaller 
ratios suggest less energy loss due to factors such as internal interparticulate friction 
and die wall friction (York and Baily, 1977). 
Also, changes in dimensions are not uniform across the surface measured. One author 
reported that the height of the peripheral region increased about 8% more than the 
central zone of the upper surface due to different levels of applied stress. Thus, the 
final shape of the compact is probably dictated by the internal distribution of pressure 
(Aulton et al., 1973). This hypothesis was later investigated by Nam et al. using 
compacts of alumina to show that radial expansion in the low density zone near the 
stationary bottom punch was always larger than that of the high density zone near the 
moving upper punch. The differential radial expansion observed was attributed to 
different microstructural-level deformation within the high and low density zones 
(Nam et al., 2003). Larger levels of expansion at low density zones could also be 
explained by its greater porosity which creates "air springs" inside the tablets and 
increases their elasticity values (Antikainen and Yliruusi, 2003). 
19 
 
Other tablet characteristics such as surface roughness, porosity, disintegration and 
dissolution have been reported to fluctuate in latent recovery (Bashaiwoldu et al., 
2004; Silvennoinen et al., 2000).  Latent recovery may also lead to a breakdown in 
tablet structure as observed in the capping and lamination of ibuprofen and 
paracetamol tablets during storage. More often, mechanical failure happens during or 
shortly after ejection from the die due to the effects of stress relaxation and strain 
recovery (Anuar and Briscoe, 2010a). Microcracks were formed due to creep strain 
recovery which eventually led to major surface cracks (Aulton et al., 1973).  
1.3.2 Factors affecting latent recovery 
Effects of latent recovery such as compact dimensional changes will clearly depend 
upon the processing history of the compact and its components (Rippie and Morehead, 
1994). Equally important is the inherent physicochemical properties of the material(s), 
in addition to factors such as powder particle size and distribution, the lubrication of 
the die and punch, and the storage conditions of the compact (Fichtner et al., 2005; 
York and Baily, 1977). 
1.3.2.1 Formulation variables affecting latent recovery 
Authors studying latent recovery had linked their observations to intrinsic properties 
of the materials compacted. van der Voort Maarschalk et al. suggested that expression 
of decompression depends on the materials’ resistance against expansion. Materials 
that exhibit low friction and binding capacity (e.g. PGS and MCC) were reported to 
create a porous structure. On the other hand, materials with high resistance against 
increases in porosity were prevented from creation of a porous structure and had to 
relieve stored energy through lamination or capping instead (van der Voort 
Maarschalk et al., 1997b). When fine particles of sodium chloride were compacted, 
TS of the compacts were stable during storage while compacts of coarser particles 
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showed an increase in TS when stored (Eriksson and Alderborn, 1995). This can be 
likewise attributed to resistance against creation of a porous structure since smaller 
particles have a greater surface area available for stronger bonding and will be more 
resistant to changes brought about by release of elastic energy. However, when 
smaller particles of spray-dried sorbitol were compacted, they exhibited larger 
porosity expansions than tablets compacted from larger particles. (van der Voort 
Maarschalk et al., 1996). This correlation was also observed in compaction of 
paracetamol where smaller particles exhibited greater expansion (Malamataris and 
Rees, 1993). Hence, the relationship between particle size and its effect on compact 
TS and porosity appears to be complex. Another study revealed that during latent 
recovery, no significant movement of the interparticulate boundary is involved and 
that strain recovery after ejection is predominantly an intrinsic property of the 
crystalline material and of interparticulate bonds (Rees and Shotton, 1970). 
For polymeric excipients such as methylcellulose, larger axial and radial strain 
recovery was observed. The authors suggested that polymer chains may 'coil' under 
pressure with the degree of spiraling related to the molecular weight of the polymer. 
The significant recovery observed could be due to the 'uncoiling' of these chains when 
pressure was removed (York and Baily, 1977). On the other hand, inclusion of 
granulating agents such as starch was shown in one study to increase tablet strength 
and hence, reduce elastic recovery at higher compression forces (Armstrong and 
Haines-Nutt, 1974). Use of binders also increases the total number of bonds. Due to 
their deformable nature, these bonds are fairly resistant against stress relaxation and 
elastic recovery in the compact (Krycer et al., 1982b; Nystrom and Glazer, 1985). 
Furthermore, polymers are reported to be strain rate sensitive and strongly affected by 
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environmental conditions such as RH which can affect the action of moisture as a 
plasticizer (van der Voort Maarschalk et al., 1998).  
It was reported that the nature of excipients also affects the manner of change when 
compression forces are varied. In a study evaluating the tablet diameter changes of 
MCC, PGS and DCP at different levels of compact porosity, changes in tablet 
diameter increased with porosity for MCC and PGS, while for DCP, it decreased as 
the porosity increased (Kachrimanis and Malamataris, 2004). This observation was 
attributed to the tendency for DCP to fragment extensively rather than deform elasto-
plastically under increased compression forces. Asano et al. made similar 
observations regarding tablets of calcium silicate and MCC where a sharp increase in 
tablet recovery occurred only after high levels of tablet hardness of 600 N and 400 N 
respectively were achieved. This is in contrast to DCP and Lactose tablets which 
showed increasing tablet recovery at low tablet hardness levels. The authors explained 
that the increase in elastic recovery observed at high tablet hardness levels for calcium 
silicate and MCC were due to their structures being completely packed after 80% and 
70% volume reduction. No further increase in contact points or contact area for 
bonding was possible and hence, resistance against recovery was relatively weakened 
(Asano et al., 1997). In a study of tablet recoveries of mixtures of MCC and DCP, 
increasing the percentage of MCC in the mixture increased the tablet recovery due to 
the time-dependent nature of plastic deformation of MCC (Garr and Rubinstein, 1991). 
Inclusion of lubricants in the formulation can lead to increased relaxation by tablet 
recovery in the decompression phase (Haware et al., 2010; Ropero et al., 2011). 
Tablet recovery depends on a balance between stored energy for relaxation and 
interparticle bonds as the counteracting force (van der Voort Maarschalk et al., 1996). 
When lubricants are used, interparticle bonding becomes weaker and provides less 
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resistance to relaxation by recovery (Hoag and Rippie, 1994). This behavior is due to 
coating of MgSt on the particles limiting their ability to bond because of the lubricant 
film (Mollan Jr. and Çelik, 1996). However, the effect of lubrication on bonding 
properties also depends on the compression behavior and bonding mechanism of the 
excipient. MgSt was observed to maximally reduce bonding strength of excipients 
that undergo mainly plastic deformation and bonding by cohesion. On the other hand, 
excipients which fragment were hardly affected by the presence of MgSt (De Boer et 
al., 1978; Ragnarsson and Sjögren, 1985). However, two other studies had reported an 
inverse relationship between axial dimensional recovery and level of MgSt in Lactose 
tablets (Hwang et al., 2001; Ropero et al., 2011). MgSt could have reduced the 
magnitude of elastic energy storage during loading through mechanisms of 
interparticulate lubrication which facilitate consolidation with diminished elastic 
deformation (Hoag and Rippie, 1994). The presence of lubricant at interparticulate 
junctions provided a more uniform stress distribution, minimizing formation of high 
local stresses (Rees and Rue, 1978). Similarly, the addition of a lubricant had a 
restraining effect on post-compaction TS increase of sucrose and sodium chloride 
tablets. This inhibition was noted to have an interaction with particle size since 
particle size distribution may affect the fraction of lubricant-free surfaces in the tablet 
(Fichtner et al., 2005). 
The effect of lubricants was also found to be dependent on the types of bonds that 
influence tablet TS changes in latent recovery. Addition of lubricants to the 
formulation nullified any increase in TS when inter-molecular attraction forces were 
responsible for TS changes. When solid bridges were the dominant bonding 
mechanism, an increase in TS was reduced but still observed overall. This observation 
was attributed to the ability of solid bridges to penetrate the lubricant film formed 
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(Karehill and Nystrom, 1990b). Other lubricants such as polyethylene glycol and 
stearic acid have also been reported to significantly reduce the extent of tablet TS 
increase in latent recovery (Lordi and Shiromani, 1984). 
Apart from lubricants, use of plasticizers has been observed to result in changes in 
tablet height changes of hydroxypropyl methylcellulose (HPMC) tablets. When 
plasticizers such as propylene glycol, glycerol, dibutyl sebacate and triacetin were 
added in a binary mixture with HPMC K4M and compacted, different levels of tablet 
height increases were observed. In particular, use of propylene glycol reduced the 
extent of tablet height increase relative to the compact of HPMC only. The authors 
explained that the mean yield pressure of propylene glycol-plasticized HPMC was 
reduced from 62 to 29 MPa after plasticization. Therefore, the plasticized material can 
undergo greater irreversible plastic deformation and was less susceptible to elastic 
energy storage (Hardy et al., 2006). 
Granulation of excipients for compaction was reported to have an effect on the 
recovery of tablets, affecting changes in both TS and tablet height of Lactose and 
MCC tablets. When directly compacted, compacts of Lactose and MCC powders 
generally exhibited less tablet height changes, 42.8% (48.4% to 90.8%) and 48.3% 
(43.6% to 125.3%), and greater TS, 2.19 MPa (1.68 MPa to 1.98 MPa) and 11.34 
MPa (0.30 MPa to 5.91 MPa), relative to the respective values from their 
corresponding compacted granules as shown in parentheses for comparison (Horisawa 
et al., 2000). Small quantities of residual solvent introduced during granulation may 
also produce marked changes in the physical properties of a compact during storage 
due to interparticle crystallization of saturated solution within the compact causing a 
reduction in the incidence of crack propagation. In addition, granulation with a 
compatible excipient can affect the axial to radial strain recovery ratio of tablets. 
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Compacted spray dried Lactose had an axial to radial strain recovery ratio of 5.9. 
However, after granulation with maize starch, the ratio approached unity. The author 
attributed this observation to an improvement in the efficiency of force distribution 
during compression in the presence of maize starch with less energy loss due to 
internal interparticle and die wall friction (York and Baily, 1977). 
In multi-particulate tablets where pellets are compacted as a single tablet, variation in 
the pellet coat level was found to affect the tablet volumetric recovery, calculated as 
viscoelastic strain (VES) as shown in equation (1). Uncoated tablets exhibited high 
VES and lower TS values which was attributed to their elasto-brittle properties 
(Maganti and Çelik, 1993). 
          
  
      
    
  
   
              (1) 
where De and He are the diameter (mm) and height (mm) of the ejected tablet, while 
Dc and Hc are the diameter (mm) and height (mm) of the tablet under maximum load. 
On the other hand, compacts of 10% coated pellets exhibited the least VES and 
highest TS while compacts of 15% and 20% coated pellets had the highest VES 
despite having greater TS than compacts of uncoated pellets. The difference in the 
rank order of VES and TS was due to differences in elastic properties of the pellet 
core and the ethylcellulose-based coating material. While contributing to the TS of the 
compact due to its plastic properties, the coating could also have caused an additional 




1.3.2.2 Non-formulation variables affecting latent recovery 
Several critical process parameters exist for tablet compaction. Some reported 
compaction process parameters are punch displacement, turret speed, pre-compression 
force, main compression force, die-wall force, upper punch pull up force, lower punch 
pull down force, ejection force, scrape off force, die and punch temperature.  
Process parameters such as compression force have a direct impact on changes in 
tablet strength observed in latent recovery. When compression force was varied, 
breaking force measured immediately after compaction show a linear relationship 
with compression force employed. Over time, incomplete strain relief causes a 
deviation from linearity as the structure of the compact permits only partial relaxation 
of the crystals. As porosity of a compact is reduced, the strength will approach a 
maximum value corresponding to the intrinsic strength of the solid material (Rees and 
Shotton, 1970). This observation of non-linearity was also made in a study with maize 
starch, Lactose and a co-processed excipient of maize starch and Lactose where axial 
dimensional recovery of all the tablets tested peaked at the relative density of 0.85. 
While recovery increased with increasing densification initially, irreversible 
deformation will take place and have a counteracting effect at higher relative densities 
(Hauschild and Picker, 2004). Hence, viscoelasticity was found to decrease with 
increasing compression loads for materials like PGS, MCC and dextrates (Çelik and 
Aulton, 1996). However, the effect of compression force on recovery is dependent on 
the nature of the material compacted and cannot be universally applied (Çelik and 
Travers, 1985). 
Inclusion of an additional pre-compression step in double-compression tableting such 
as those in rotary presses can prolong the total compression/decompression time 
which may lead to a decrease in stress accumulation within the powder bed. This 
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stress relaxation increases interparticle bonding strength, hence leading to reduced 
recovery effects (Nakamura et al., 2012). To maximize stress relaxation inside the die 
before main compression, the pre-compression pressure should be maximally high to 
not cause lamination to the tablet (Hiestand et al., 1977). 
Besides compression force, punch velocity was also found to have a significant effect 
on tablet dimensional changes in latent recovery. When coated pellets were 
compressed at two different punch velocities, 1 mm/s and 100 mm/s, the VES, 
calculated from tablet height and diameter, was observed to be higher for tablets 
compressed at 100 mm/s (Maganti and Çelik, 1994). Lower final tablet height 
expansion were also obtained with PGS tablets compacted at a lower velocity of 16.7 
μm/s relative to those compacted at 4167 μm/s (Anuar and Briscoe, 2009). A similar 
observation was made on spray-dried sorbitol compacts with the highest porosity 
expansions observed for compacts produced at 300 mm/s compared to those 
compacted at slower speeds of 3 mm/s or 30 mm/s (van der Voort Maarschalk et al., 
1996). The greater viscoelastic recovery observed at higher punch velocities was 
attributed to the limited time-dependent plastic deformation and relatively high 
elasticity due to high speed compression. It was postulated that increasing rate of 
force application could shift energy utilization from plastic to elastic (Garr and 
Rubinstein, 1991). Similarly, it could be inferred that the effects of punch velocities 
would be applicable when turret speeds are varied. Another effect of compression 
speed is dwell time which was reported to affect the axial dimensional recovery of 
tablets made from MCC and starch grades. Less axial dimensional recovery was 
observed for tablets with applied dwell time compared to those with no dwell time. 
This observation suggested that for these materials, consolidation under applied 
constant pressure allows conversion of elastic energy into viscoelastic energy and 
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plastic flow resulting in reduced expansion after removal of the load. However, 
excipients such as DCP which undergo fragmentation do not exhibit appreciable 
recovery and are not significantly influenced by compression speed nor dwell time 
(Haware et al., 2010). This difference in effect of compression speed on materials of 
different character was corroborated by Hwang et al. who reported greater 
physicomechanical stability for Lactose tablets compressed at high speeds while the 
reverse was true for tablets of MCC and DCP (Hwang et al., 2001). Viscoplastic 
materials such as polyethylene glycol showed significant differences in tablet TS 
when compacted at different strain rates. On the other hand, viscoelastic excipients 
such as high-density polyethylene exhibit latent dimensional recovery after ejection 
which may hide some of the changes that occurred during compaction. Thus, tablets 
of high-density polyethylene showed similar out-of-die physical properties even when 
compacted at different strain rates (Cuitino et al., 2001). 
Storage or test conditions such as temperature and humidity also play an important 
role in determining the effects of latent recovery (Eriksson and Alderborn, 1994; 
Okutgen et al., 1991b). Storage of tablets at 100 °C resulted in a slightly greater 
increase in tablet breaking force compared to those stored at 25 °C. The elevated 
temperature encouraged further strain relief due to an increase in the plasticity of the 
crystalline material and surface energy. Increase in temperature removed adsorbed 
films so that surface forces are able to act to the fullest extent (Rees and Shotton, 
1970). When subjected to different RH conditions, particle size of the excipients also 
played a role in affecting the outcome of tablet TS changes. Compacts of fine sodium 
chloride particles increased in tablet strength in the presence of moisture due to 
molecular rearrangement at the surface of the particles. For this mechanism, storage at 
0% RH could delay the increase in TS. However, for compacts of coarse sodium 
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chloride particles, the presence of moisture slowed down the process of increasing TS 
due to stress relaxation where relative positions of the particles in the compact are 
changed continuously after ejection, or stabilization of bonds formed during 
compression (Eriksson and Alderborn, 1994). This finding was later disputed by 
Fichtner et al. who did not observe any humidity-related rate differences in the 
increase in TS of sodium chloride tablets stored at different RH conditions of 0% and 
57% (Fichtner et al., 2005). 
Storage in humid conditions was reported to increase the compact expansion, whilst 
storage over phosphorous pentoxide reduced recovery. At ambient or very low 
humidity conditions, the expansion is principally mechanical in nature and is not 
simply due to moisture sorption. In high humidity conditions, moisture sorption is an 
important factor involved in the expansion of these compacts (Nam et al., 2003). 
Saturated conditions of storage led to a faster observation of capping and lamination 
(Aulton et al., 1973). Likewise, conditioning of some binders and amylodextrin before 
compaction can lead to different states of plasticization which was also found to 
significantly affect the compacts' densification and time-dependent latent dimensional 
recovery (Nam et al., 2003; Steendam et al., 2001; Uppalapati and Green, 2006). 
Incorporation of moisture in starting materials of salts decreased tablet TS and limited 
the changes in tablet hardness in latent recovery (Lordi and Shiromani, 1984). In 
general, environmental moisture and temperature determine the water content of 
tablet excipients which affects both deformation properties and particle bonding. 
While increasing amounts of adsorbed water decreases the stored energy in tablets, it 
also reduces interparticle bonding due to multimolecular adsorption and condensation 
of water in the pores of the compact (Karehill and Nystrom, 1990a). On the other 
hand, desorption of water can lead to crystallization of material dissolved in sorped 
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water, forming solid bridges and increasing compact strength (Eriksson and 
Alderborn, 1994). Hence, a balance between these two counteracting effects 
determines the amount of latent recovery measured and effect of moisture on hardness 
is often parabolic in nature (Lordi and Shiromani, 1984; van der Voort Maarschalk et 
al., 1997a). 
1.3.3 Characterization of tablet latent recovery 
It is important to consider that the application of most viscoelastic theories with their 
corresponding material constants relate to fully dense materials in which voids are not 
present. There is limited use of these material constants in evaluation of 
pharmaceutical tablets where pores, crevices and voids are present in the tablet 
structure. In a porous compact, fracture, plastic flow or elastic distortions can occur to 
fill the pores (Rippie and Danielson, 1981). Hence, evaluation of compacts for their 
measured viscoelastic parameters would appear to be most directly relevant 
(Danielson et al., 1983). 
One of the methods commonly used to evaluate gradual latent recovery of a material 
involved monitoring changes of tablet height and diameter after ejection. In studies 
conducted via this method, the radial dimensional changes were found to be typically 
smaller than the axial changes. While no unique equation or parameter exist 
specifically for tablet latent recovery, adaptation of several equations proposed for 
tablet recovery or elastic recovery could be used. These equations for tablet recovery 
include calculations of changes in the axial dimension (height) to determine axial 
recovery (AR) using equation (2), while radial dimensional changes (diameter) were 
used to calculate radial recovery (RR) using equation (3) (Akseli et al., 2013; 
Armstrong and Haines-Nutt, 1974; Cuitino et al., 2001; Fassihi and Parker, 1986; 
Garekani et al., 2001; Garr and Rubinstein, 1991; Hardy et al., 2006; Horisawa et al., 
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2000; Hwang et al., 2001; Jain, 1999; Kachrimanis and Malamataris, 2004; Krycer et 
al., 1982b; Picker, 2001; Ragnarsson and Sjögren, 1985; Spaniol et al., 2009; 
Steendam et al., 2001; van Veen et al., 2002). In most cases, the ejected tablets would 
be measured 24 hours after ejection but this information is sometimes not specified. 
An adaptation of equation (2) is often also used for in-die elastic recovery 
approximation by measuring the tablet thickness upon relief of compression force 
while the tablet is still inside the die (Fichtner et al., 2008; Garekani et al., 2001). 
Alternatively, tablet volume after 24 hours of the compaction was also used as a 
representation for volumetric recovery (VR) as shown in equation (4) (Asano et al., 
1997; Spaniol et al., 2009). Equation (4) was adapted in calculations of density or 
porosity changes after 16 hours in other studies (van der Voort Maarschalk et al., 
1998; van der Voort Maarschalk et al., 1996). Another similar parameter, VES, was 
proposed to take into consideration both the tablet's height and diameter 
measurements using equation (1) for cylindrical flat-faced tablets (Maganti and Çelik, 
1993). 
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          (4) 
1.3.4 Instruments used for measurement of tablet dimensions in evaluation of 
tablet latent dimensional recovery 
In computing the equations discussed in Section 1.3.3, a variety of instruments have 
been used for measurement of the tablet dimensions and these may be classified into 
contact and non-contact measurement methods. Studies using contact measurement 
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methods made use of manually-operated instruments such as calipers or micrometer 
screw gauges to measure the tablets (Akseli et al., 2013; Armstrong and Haines-Nutt, 
1974; Briscoe and  zkan, 1997; Hauschild and Picker, 2004; Haware et al., 2010; 
Krycer et al., 1982b; Picker, 2001; van der Voort Maarschalk et al., 1998; van der 
Voort Maarschalk et al., 1996; van Veen et al., 2002; van Veen et al., 2000). In some 
semi-automated setups, linear voltage displacement transducers (LVDTs) or 
thermomechanical analysis instruments were employed (Aulton et al., 1973; 
Kachrimanis and Malamataris, 2004, 2005; Okutgen et al., 1991a; Picker, 2001). An 
additional advantage of  LVDTs is that they can be installed to measure in-die punch 
displacements as an indirect representation of tablet dimensional changes in the axial 
direction during elastic recovery (Briscoe and  zkan, 1997). However, contact 
methods may lead to modification or damage of compact surfaces, and thereby 
inaccuracy of measurements (York and Baily, 1977). Repeated surface contact during 
measurements can lead to a marked deterioration of the compact surface causing 
inaccurate measurements. In some instances, it is likely that the changes brought 
about by surface damage can nullify real changes brought about by strain recovery or 
swelling (Silvennoinen et al., 2000). In addition, contact measurements are made with 
reference to an individual point on the compact’s surface and to produce 
measurements over a wide area of the surface can be both laborious and time 
consuming (Baily and York, 1976). 
Hence, non-contact measurement methods have been developed and employed to 
overcome limitations of contact measurement methods. In an early study by Baily and 
York, a helium neon laser was used to produce Fraunhofer single slit diffractions, and 
the changes in compact dimension were determined through calibration curves (Baily 
and York, 1976). In this study, the compact was placed on a fixed surface so that one 
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edge and one face of the compact have their movement constrained. Knife edges were 
then positioned close to the unrestrained edge and face so as to form slits. The slits' 
width varied as tablet recovery occurred and size of the tablet was determined by 
observing the diffraction pattern produced when the slits were illuminated with a 
monochromatic beam of light. This apparatus can be used to detect dimensional 
changes in the order of 5 nm. The authors also highlighted that the apparatus was 
placed in a Perspex® cabinet for environmental control. In addition, the cabinet and 
laser were mounted on carriages which permitted controlled movement and hence, 
changes in dimensions of different parts of the compact could be monitored. A 
compact of methylcellulose was analyzed using this developed non-contact apparatus 
and changes in height and diameter were observed up to about 100 minutes after 
ejection due to both immediate elastic recovery and gradual viscoelastic recovery. 
Furthermore, the authors observed that changes in diameter along the edge of the 
tablet were not uniform which could be attributed to non-uniform stress distribution 
within the compact or to sorption of surface moisture. Overall, this method had the 
advantage of quick and easy non-contact measurements whilst keeping the compact in 
a fixed environment.  
More recently, a measurement device consisting of a micrometer screw driven by a 
motor fixed in parallel to a laser device was employed for measurement of tablet edge 
height (Picker, 2000). The main advantages of this setup were the ability to measure 
up to ten tablets at the same time without any manual intervention for several days. 
The setup was validated using steel tablets of known heights from 1 mm to 6 mm and 
showed a favorable precision when compared to the micrometer screw gauge. 
However, some fluctuation of the data was observed due to the movement of the 
rotating table, the micrometer screw and small fluctuations in current intensity. These 
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fluctuations were also contributed by the rough surface of the tablet as well as the 
measurements at different positions due to movement. Adjacent averaging of the data 
collected was performed and then fitted using a polynomial of order six to visualize 
general trends.  
With improvements in measuring technology, laser micrometers have been employed 
to achieve accuracy and repeatability of up to 1 μm (± 0.003%) and ± 0.5 μm 
respectively. When the beam from these laser micrometers encounters the compact, 
part of the beam curtain path is disrupted and a signal is created and processed to 
derive a length measurement. Samples could be fixed on a positioning motor to 
control sample movement and achieve measurements at different parts of the tablet 
(Nam et al., 2003). The laser micrometer could also be fixed to the press to measure 
diametric changes during the ejection phase of the compaction cycle (Anuar and 
Briscoe, 2009, 2010b). 
Other unique technologies were used to evaluate tablet latent recovery. In one study, a 
qualitative non-contact method of monitoring local deformation of the tablet surface 
was reported where an optical sensor device was used to detect changes in dynamic 
laser speckle patterns (Silvennoinen et al., 2000). Temporal variations in the signal 
demonstrated local surface deformation of ibuprofen and starch acetate tablets. 
Anisotropy of tablet surfaces at the site of inspection was also observed but its 
relationship to compression force and speed was not straightforward. Laser 
profilometry has been utilized to determine topographic axial and radial profiles of the 
tablet surface in analysis of stress-induced fractures of bilayer tablets at the interfacial 
boundary zone (Inman et al., 2009). In two other studies, near-infrared (NIR) 
chemical imaging was proposed as a new method to study tablet recovery based on 
the principle of porosity or density changes over time (Macias et al., 2011; Ropero et 
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al., 2011). The NIR slope is inversely proportional to porosity and can be determined 
to follow and evaluate changes in physical properties of tablets during latent recovery. 
1.4 Research gaps in evaluation of tablet latent recovery 
The tablet compaction process has been extensively investigated and numerous 
publications and theories are readily available. Different process and formulation 
variables have been thoroughly evaluated and there exists a wealth of knowledge to 
troubleshoot and improve most tablet compaction operations. In comparison, the 
decompression phase of the compaction process has been less studied. Despite the 
potential detrimental impact of tablet latent recovery on product quality and outcome 
of downstream processes such as coating and packaging, there is limited published 
information available. Latent recovery could lead to stress resulting from volume 
changes of the tablet core and contribute to the overall internal stresses within a film 
coat. If this internal stress exceeds the TS of the film, cracks and edge splitting can 
occur and destroy the integrity of the coat (Aulton et al., 1973; Okutgen et al., 1991b; 
Ropero et al., 2011). Hence, tablet cores having little or no latent strain recovery have 
been identified as a key requirement for successful in-line coating (Cahyadi et al., 
2013). Alternatively, optimization of coat formulations is a plausible option to 
enhance stress relaxation within the coat and prevent edge splitting (Gibson et al., 
1989). The common industrial practice to avoid consequences of tablet latent recovery 
seems to be an empirical storage of tablets after compaction to allow for complete 
recovery before further processing. In scientific research, tablets are usually stored for 
at least 24 hours (Akin-Ajani et al., 2005; Mollan Jr. and Çelik, 1996; Narayan and 
Hancock, 2005; Nystrom and Glazer, 1985; Nystrom et al., 1982; Okutgen et al., 
1991a, b). Such a 'blackbox' approach is not only inefficient and cost-incurring, but 
goes against the fundamental principles of QbD. 
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Furthermore, as the pharmaceutical industry looks to transit from batch to continuous 
manufacturing, extended downtime between processes will not be desirable. Tablet 
latent recovery following compaction will also adversely impact the implementation 
of NIR for on-line PAT monitoring of processes. Freshly-ejected tablets may be in 
various states of recovery and with dynamically changing dimensions and compact 
density. This inconsistency would be extremely challenging for NIR characterization 
as it would be analogous to trying to hit a moving target (Macias et al., 2011). Hence, 
the need for knowledge in this area appears genuinely pressing. With respect to both 
formulation and process factors, some important research questions regarding tablet 
latent recovery remain inadequately answered. 
The lack of suitable tools and methods was identified in this thesis as a major barrier 
impeding progress of research in this area. Firstly, a few readily available measuring 
instruments have been used in the measurement of tablet metric dimensions as a 
measure of latent dimensional recovery. However, none of these measuring 
instruments can provide the specific functionality, accuracy and capability that is 
required for this purpose. Secondly, four mathematical models exist to analyze tablet 
dimensional data for evaluation of dimensional recovery but the appropriateness and 
comparability of these models for latent dimensional recovery is unclear. Thirdly, the 
influences of compaction process variables, tablet design variables and storage 
conditions on evaluation of latent recovery have not been adequately defined. These 
research gaps lead to an overall lack of knowledge about the latent recovery of 
excipients when compacted as a tablet. 
1.4.1 Characterization of tablet latent recovery through tablet dimensions 
As previously described in Section 1.3.4, there are several contact and non-contact 
instruments which have been used to measure tablet dimensions for evaluation of 
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latent recovery. Contact measurements are most common in research of out-of-die 
tablet recovery even though they present many disadvantages in terms of accuracy 
and practicality as discussed earlier. Non-contact measurements can minimize some 
of these issues encountered with contact measurements. However, existing non-
contact instruments used to measure tablet dimensions are scarce in published 
literature. The reported few lack the functionalities required of a specialized 
instrument to evaluate latent dimensional recovery reliably and accurately. Thus, it is 
of interest to develop an instrument that is capable of accurate and non-contact 
measurement of tablet dimensions for the purpose of evaluating tablet latent recovery. 
1.4.2 Mathematical models for analysis of tablet dimensional data 
Dimensional recovery of a tablet is currently evaluated via its AR, RR and VR, or 
VES, value which corresponds to changes in tablet height, diameter or volume 
respectively. The calculation of these values is similar in principle which is based on 
the change in dimension(s) of the recovered tablet relative to its original size. These 
values may be adapted for out-of-die latent recovery by considering the ejected tablet 
as its initial state. Among these four values, VR and VES were suggested to provide a 
more thorough assessment as they take into account the changes in both the radial and 
axial directions. This difference was demonstrated when Spaniol et al. observed 
inverse trends when comparing the radial dimensional recovery and volumetric 
recovery data of tablets compacted on an eccentric tablet press at compression forces 
of 40 N, 60 N and 80 N (Spaniol et al., 2009). However, for all four proposed 
representations of recovery, there is still ambiguity regarding the end-point or time at 
which the tablet is considered completely recovered and expansion of compacts has 
been measured at different times following their ejection by different authors (Çelik, 
1992; Rees and Shotton, 1970). Different durations required for complete tablet 
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recovery have been reported in literature for various excipients. Hence, an arbitrary 
time for end-point sampling may not be ideal. Some authors have reported a negative 
change in tablet dimension and the impact of this finding on the four proposed 
mathematical models has not yet been investigated.  
1.4.3 Latent recovery of compacted mixtures of excipients 
Information on latent recovery of some commonly-used tablet excipients has been 
published. These studies primarily focused on the bulk excipients such as fillers and 
high-dose APIs as they make up the largest part of the compacted tablet. However, 
little is known about excipients used in smaller amounts such as disintegrants and 
binders. Most studies thus far have evaluated excipients singly and the latent recovery 
of excipients compacted as a blended mixture is unclear (Schmidt and Leitritz, 1997). 
It is likely that interactions will be present when components of different deformation 
and physical properties are compacted. In two studies comparing the time-dependent 
porosity expansion of sodium chloride and PGS tablets with the calculated values 
from linear interpolation using single component data, tablets compressed from the 
binary mixtures had a higher recovery than expected (van Veen et al., 2002; van Veen 
et al., 2000). These binary tablets also exhibited lower TS than predicted from linear 
interpolation. During latent recovery, the increase in tablet volume led to formation of 
extra pores which consequently resulted in increase in formation of available particle 
surfaces due to disconnected particles. The adhesion forces between sodium chloride 
and PGS was evidently weaker than the cohesive forces between the individual 
component particles. In another study, various proportions of elastically-deforming 
polyethylene were mixed with plastically-deforming sodium chloride and compacted. 
The concentration of polyethylene in the formulation was found to affect the extent of 
tablet stress relaxation within the die which may in turn vary the amount of stored 
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elastic energy for subsequent out-of-die latent recovery. Inclusion of 3% polyethylene 
imparted some elastic properties to the compact whereas inclusion of 10% 
polyethylene imparted a greater plasticity (Rubinstein and Jackson, 1987). Finally, 
despite compaction being inherently an anisotropic process, currently available 
information is usually limited to axial dimensional recovery data and radial 
dimensional recovery data is lacking (Moe and Rippie, 1997). 
1.4.4 Influence of tablet geometry on tablet latent recovery 
Latent recovery is driven by the amount of stored energy within the tablet (van der 
Voort Maarschalk et al., 1997b) which has been reported to be affected by variations 
in density distributions within the tablet (Eiliazadeh et al., 2003). One important 
determinant of density distribution is tablet geometry which is composed of its 
contour and shape (Djemai and Sinka, 2006; Sinka et al., 2004a; Sinka et al., 2007; 
Wu et al., 2008). In one study comparing flat- and curved-face tablets, density 
distribution in these tablets were found to be highly non-homogenous. For the flat-
face tablets, the top corners and middle bottom half regions were most dense while in 
curved-face tablets, high density regions were formed at the edges of the tablet 
(Eiliazadeh et al., 2004). A similar observation was made in measurement of axial 
pressures within the compact during single-end die compaction where highest axial 
pressures occurred close to the die wall at the upper punch and in the centre at the 
lower punch (Crawford and Paul, 1981). Die wall friction was identified as the main 
factor behind the differences in density distributions observed (Eiliazadeh et al., 2003). 
This hypothesis was corroborated by observations of non-uniform density distribution 
between the centre and edges of tablets using NIR chemical imaging techniques 
(Ropero et al., 2011). The non-homogeneity within a tablet was also demonstrated 
through observations of higher surface hardness at the tablet center than at the edge 
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for both tablet faces of 13 mm aspirin tablets (Ridgway et al., 1970). Since tablet 
geometry affects density distribution, which may in turn affect latent recovery, it is 
plausible that tablet geometry can affect latent recovery. However, no study has 
investigated latent recovery in relation to tablet geometry. The lack of published 
information could be attributed to the difficulty in using current measurement 
methods to assess viscoelastic effects of tablet geometry over an area of the tablet 
surface. Conventional point methods which utilize the micrometer screw gauge to 
monitor dimensional changes have limitations as only the tablet maximum height or 











2 HYPOTHESES AND OBJECTIVES 
This research work was motivated by the need to develop suitable tools and methods 
that will in turn, facilitate study and increase understanding of recovery in post-
compaction matrices. 
The lack of suitable tools and methods was identified in this thesis as a major barrier 
impeding progress of research in this area. Traditional tools and methods adopted by 
scientists thus far were potentially inaccurate, lacked resolution and were often 
tedious to perform. Hence, an impetus clearly exists for the development of tools and 
methods to facilitate studies on recovery in post-compaction matrices. 
With this aim in mind, the main hypothesis of this research work is that laser 
triangulation may be developed as a profiling tool to provide greater insights and 
deeper understanding of recovery in post-compaction matrices.  
The sub-hypotheses of this thesis are: 
 Laser-optical sensors based on laser triangulation principles may be employed 
in a setup to accurately profile changes in tablet dimensions over time. This 
setup would enable semi-automatic, quasi-continuous collection of line 
profiles from multiple samples.  
 Recovery in post-compaction matrices can be described through parameters 
derived from the plots of tablet dimensional changes against time. To improve 
comparability and value of this research information, homogenization of 
critical test variables is necessary. 




1. To design and develop a setup suitable for monitoring changes in tablet height 
and diameter over time. 
2. To investigate the effects of storage conditions on changes in tablet 
physicomechanical properties. 
3. To increase knowledge of post-compaction changes in physicomechanical 
properties of multi-component tablets containing common pharmaceutical 
excipients. 
4. To develop and evaluate a method to assess the surface of a tablet for latent 
dimensional recovery. 
This thesis is divided into four main studies: 
A. Development of laser triangulation as a profiling tool for monitoring 
dimensional changes in post-compaction matrices. 
B. Impact of storage temperature and RH conditions on the physicomechanical 
properties of post-compaction matrices over time. 
C. Recovery of post-compaction matrices prepared from multi-component 
formulations. 
D. A line method to evaluate impact of tablet geometry and compression pressure 
on recovery of post-compaction matrices. 
The findings of this thesis would provide a guideline on the necessary tools and 
methods for successful evaluation of recovery in post-compaction matrices through 
determination of tablet dimensional changes over time. Better understanding of the 
effects and interactions of both formulation variables and non-formulation variables 
such as environmental conditions and tablet geometry would also contribute to 
analytical harmonization and eventually, improve comparability of research data. The 
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developed set of tools and methods can help to facilitate research in this area, building 
scientific knowledge to enable troubleshooting of any potential issues that may arise 











3 MATERIALS AND METHODS 
STUDY A: Development of laser triangulation as a profiling tool for monitoring 
dimensional changes in post-compaction matrices 
A laser triangulation based tablet profiling instrument that allows accurate, quasi-
continuous and dual-dimensional measurement of multiple tablets was designed and 
developed. Collected tablet height and diameter data would be useful for the 
assessment of recovery in post-compaction matrices. To verify accuracy and precision 
of the laser profiler, measurements from the laser profiler were compared against 
measurements made by a micrometer screw gauge (293, Mitutoyo, Japan).  
Two types of model tablets were used in this study. The first type of model tablets, 
aluminum studs, was meant to represent solid, non-deforming cylindrical flat-faced 
compacts. These aluminum studs were useful during development and verification of 
the setup when confounding factors such as mechanical deformations should be kept 
minimal. The height and diameter of seventeen cylindrical aluminum studs were 
measured on the laser profiler and compared against measurement results yielded by a 
micrometer screw gauge. The aluminum studs were also measured for 24 hours with 
readings collected at hourly intervals to demonstrate the capability and stability of the 
developed instrument in long-duration analysis. 
The second type of model tablets used was Lactose tablets, representing potentially 
deforming model pharmaceutical tablets. Laser profiler measurements of model 
Lactose tablet heights and diameters were compared to those using a micrometer 
screw gauge to assess and demonstrate the performance of a non-contact system. 
Lactose tablets with breaking forces of 20 N, 30 N and 40 N, were prepared in 
triplicate and subsequently characterized for their height and diameter using both the 
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contact and non-contact measurement methods. Table 1 summarizes the Lactose 
tablets produced for this study. 





Number of tablets characterized (n) 
Replicate 1 Replicate 2 Replicate 3 Control 
Lact20 20 17 17 17 17 
Lact30 30 17 17 17 17 
Lact40 40 17 17 17 17 
 
For each replicate, seventeen Lactose tablets from each batch were measured to fulfil 
the maximum capacity of the developed laser profiler for one analytical run. Each 
tablet sampled was uniquely identified with a serial number and the same tablet was 
put through a sequence of measurements in the following order: laser profiler (L1), 
micrometer screw gauge (M), and laser profiler (L2). By adopting this sequence of 
measurements, important information regarding contact and non-contact 
measurements was obtained. Data from L1 provided information regarding the 
original dimensions of the tablet tested prior to contact measurement by the 
micrometer while data from M provided information regarding the permanent and 
transient changes induced during contact measurement. Finally, data from L2 provided 
information regarding permanent changes to the tablet dimensions after micrometer 
use. Within each batch, comparisons made allowed for detection of changes induced 
by the micrometer screw gauge. By comparing the values of L1 and M for every tablet 
measured, the disparity observed would provide an indication of the changes induced 
by the micrometer screw gauge during measurement with load applied. However, this 
comparison would not be able to clarify if the deformations were permanent or only 
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temporarily induced by contact and the applied load of the micrometer jaws on the 
tablet. Hence, by further comparing L1 and L2, permanent changes induced by use of 
the micrometer screw gauge without an active load applied could be assessed. 
In addition, seventeen tablets from each batch were included as a negative control to 
investigate if handling would influence the dimensional differences detected. These 
negative control tablets were first measured using the laser profiler (L1). Subsequently, 
the measurements were performed again using the laser profiler (L3) without any 
intermediate use of the micrometer screw gauge. All experiments in this study were 
conducted in a laboratory with regulated temperature and RH conditions to achieve 
desired ambient conditions of 25 °C and 50 % RH.  
3A.1 Preparation of model pharmaceutical Lactose tablets 
The tablet formulation used for the model pharmaceutical tablets comprised a filler, 
99 %, w/w Lactose (SpheroLac® 100, Meggle, Germany) and a lubricant, 1 %, w/w 
MgSt (M125, Productos Metallest, Spain). Both excipients were sieved through a 355 
μm aperture size sieve, equilibrated for 24 hours at ambient conditions and then 
manually blended in a polyethylene bag for five minutes. 
An eccentric tablet press (F3, Manesty, England) fitted with 13 mm concave tooling 
was used to produce the tablets, each weighing 800 mg. Compression force was 
varied to produce triplicate batches of tablets with approximate breaking forces of 20 
N, 30 N and 40 N, as measured immediately after compaction. The tablets were then 




3A.2 Hardware development of the laser profiler 
A rotating turntable with eighteen angled platforms attached around its circumference 
(Fig. 3A) was precisely fabricated using a computer numerical controlled machine. As 
shown in Fig. 3B, one platform was designated as a marker, S0, to identify the start of 
each rotation cycle while each of the other seventeen platforms (S1 through S17) 
could hold an individual tablet which would be measured quasi-continuously for its 
axial (height) and radial (diameter) dimensions by two laser-optical sensors 
(optoNCDT 1700-20, Micro-Epsilon, Germany). These displacement sensors operate 
on the basis of laser triangulation, providing measurements of the perpendicular 
distance between the measured surface and the sensor with a resolution of up to 1.5 
µm and a sampling rate of 2.5 kHz. As the turntable rotates at a pre-determined speed 
of one round per minute, each tablet would be sequentially sized by the laser-optical 
sensor. The axial laser-optical sensor was mounted above the angled platforms so that 
the laser beam is directed perpendicular through the middle axis of the tablet face 
while the radial sensor was mounted beside the turntable with the laser beam directed 
perpendicularly through the center of the tablet band. Both laser-optical sensors 
communicate with the computer via RS232 cables. 
The rotating turntable design allowed multiple tablets to be measured simultaneously 
in a single analysis run while the use of laser-optical sensors allowed for non-contact 
measurements to be performed with a high degree of consistency and accuracy. Fig. 
3C shows the entire laser profiler setup enclosed within a sealed acrylic compartment 









Fig. 3. Pictorial representations of the developed laser profiler showing (A) a 
schematic layout and photograph of turntable and laser-optical sensors in the setup, 
and (B) schematic of rotating turntable with the marker platform labeled as S0 and the 
seventeen sample platforms labeled as S1 through S17; (C) Photograph of the laser 





















Fig. 3. [continued from previous page] Pictorial representations of the developed 
laser profiler showing (A) a schematic layout and photograph of turntable and laser-
optical sensors in the setup, and (B) schematic of rotating turntable with the marker 
platform labeled as S0 and the seventeen sample platforms labeled as S1 through S17; 






3A.3 Data acquisition and processing  
Software for data acquisition and processing was developed in-house using MATLAB 
(R2010a, The MathWorks, USA). During operation of the laser profiler, laser 
triangulation profiling data from the sensors were transferred to the computer and 
stored. Subsequently, the data were spliced and reorganized into separate cells to 
identify each measured sample and platform uniquely at each specific measurement 
time. 
3A.3.1 Axial profiling 
A typical raw axial profile is shown in Fig. 4A and axial profiling can be divided into 
three steps. In the first step, the tablet profile was separated from the platform baseline 






Fig. 4. Typical plots of axial data depicting the (A) raw profile, (B) baseline profile, 




In the second step, as shown in Fig. 5A, the linear axial baseline profiling trace can be 
fitted using equation (5).  
                  (5) 
where Z is the distance between the sensor and the unloaded platform surface, X and Y 
are the coordinates perpendicular to the direction of Z, and a, b and c are the 
coefficients to be fitted. 
 
X, Y in equation (5) can be written in polar coordinate as shown in equations set (6). 
 
       
       
           (6) 
where (R,θ) is the laser spot under polar coordinate, θ is proportional to the 
measurement index, iM, defined by        , where   is the angular coordinate 
when the laser beam starts to reach the tablet surface,   is the proportional constant, 
and iM is the measurement index. 
 
In the third and final step, the corrected tablet profile Fig. 4D can then be obtained by 
subtracting the fitted baseline profile depicted in Fig. 4C from the acquired raw 
profile in Fig. 4A. For a flat-faced tablet, the arithmetic average of the corrected tablet 
profile was calculated as the tablet height, while for biconvex tablets, the maximum 








Fig. 5. Schematic representations of (A) the axial laser triangulation sensor scanning 
the unloaded platform surface, and (B) top view of the radial laser triangulation sensor 
scanning the tablet band surface. 
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3A.3.2 Radial profiling 
For diameter determination, as shown in Fig. 5B, the radial profiling trace can be 
described by the circle equation under polar coordination system in equation (7): 
  
               
               (7) 
where D is the tablet diameter, (rA, Ψ) is the radial coordinate and angular coordinate 
of the laser spot, (r0, φ) is the radial coordinate and angular coordinate of the tablet 
center, l is the distance between the laser sensor and the center of the turntable, and l 
equals to the sum of rA and the distance between sensor and laser spot, d. Similarly,   
is proportional to the measurement index, iM, defined by        . 
A schematic top view of the laser triangulation sensor scanning the tablet band 
surface is shown in Fig. 5B for greater clarity. Tablet radius was then obtained by 
fitting radial profile data into the model using a quadratic minimization approach. 
3A.4 Characterization of tablets 
3A.4.1 Weight 
Twenty tablets were weighed individually using an electronic balance (PA413C, 
Ohaus, USA) and the arithmetic mean tablet weight was then computed. Based on 
British Pharmacopoeia (BP) standards where required, these tablets would be 
considered to comply with requirements for weight uniformity if not more than two of 
the individual tablet weights deviate from the mean tablet weight by more than 5% 
and none deviates by more than 10%. 
3A.4.2 Breaking force 
The breaking force of tablets was determined based on the method of resistance to 
crushing of tablets as specified in the BP, by diametric compression using a hardness 
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tester (HT1, Sotax, Switzerland). The arithmetic mean breaking force and standard 
deviation of ten tablets was then calculated.  
3A.4.3 Height and diameter 
Non-contact measurements were performed using the laser profiler as described 
previously in Sections 3A.2 and 3A.3. 
Contact measurements were performed using the micrometer screw gauge as shown 
in Fig. 6. Tablet height was determined by positioning the micrometer spindle and 
anvil on the peaks of the upper and lower convex tablet surfaces and the measurement 
taken three times. On the other hand, tablet diameter was determined by positioning 
the micrometer spindle and anvil on opposite ends of the tablet circumference at three 
different positions. For all measurements, the thimble was gradually rotated to tighten 
the screw thread until a single click of the ratchet was observed. All measurements 








Fig. 6. Measurement of (A) tablet height and (B) tablet diameter using the micrometer 





3A.5 Statistical analysis 
For the aluminum studs, a 2-tailed paired t-test (Excel 2007, Microsoft, USA) was 
used to determine if there were any discernible differences between the height and 
diameter measurements made by the laser profiler and micrometer screw gauge. Root 
mean square error (RMSE) was also calculated using equation (8) for the developed 
laser profiler by assuming micrometer screw gauge readings as true values. 
 MSE                     
          
  
                   
 
  
      (8) 
where xlaser,i is the laser profiler measurement and xmicrometer,i is the micrometer screw 
gauge measurement of the i
th
 sample. Sample size (n) was 17. 
For the Lactose tablets, comparisons of measurement data collected within each of the 
three sample batches were performed via a 1-tailed paired t-test (Excel 2007, 
Microsoft, USA) with 5% level of significance where applicable. A 1-tailed t-test was 





STUDY B: Impact of storage temperature and RH conditions on the 
physicomechanical properties of post-compaction matrices over time 
A 3
2
 full factorial study design was performed to study the effects of storage 
temperature and RH on the physicomechanical properties of model tablets made from 
binary formulations containing one of three commonly-used tablet filler materials and 
a lubricant. Low, intermediate and high levels of temperature (< 5 °C, 25 °C, 40 °C) 
and RH (< 25%, 43%, 75%) were studied and all experiments were conducted in 
triplicate. With exception of the storage conditions under investigation, this study was 
conducted in a laboratory with regulated temperature and RH conditions of about 
25 °C and 50% RH.  
3B.1 Preparation of tablets 
Three commonly-used directly-compactable tablet filler materials, which exhibit 
distinctly different deformation characteristics, namely MCC (Avicel
 
PH102, FMC 
Biopolymer, Ireland), PGS (Starch1500, Colorcon, USA) and Lactose (SpheroLac 
100, Meggle, Germany), were employed in this study to prepare model tablets. MCC, 
PGS and Lactose exhibit dominantly plastic, elastic and brittle deformation 
respectively. Binary tablet formulations containing one of the three filler materials 
and a lubricant, MgSt (M125, Productos Metallest, Spain), were investigated. 
All the excipients used were sieved through a 355 μm aperture size sieve and 
equilibrated for 48 hours at ambient conditions before use. After equilibration, 99 %, 
w/w of the respective tablet filler and 1 %, w/w MgSt were blended using a double 
cone mixer (AR 400E, Erweka, Germany) at 6 rpm for 10 minutes. 
The tablet filler and lubricant powder blends were directly compacted into tablets 
using a rotary press (R190F/14, GEA-Courtoy, Belgium) fitted with round flat-faced 
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bevel-edged (R-FFBE) tooling of 10 mm diameter (Natoli Engineering, USA). Three 
replicate batches of tablets were produced from each material. The speed of tablet 
compaction was kept constant at 160 tablets per minute, while the porosities and 
heights of tablets were standardized at 3% porosity and 3 mm respectively.  
Target tablet weights were adjusted and calculated based on the following equations. 
Porosity        
 App
 True
                                              (9) 
Assuming 3 % porosity, 
        
 App
 True
        
 App           True                                                         (10) 
where  App is the apparent density (g/cm
3
) of the material after compaction and  True 
is the true density (g/cm
3
) of the material. 






                                      (11) 
By substituting equation (11) into equation (10), 
Tablet weight 
Tablet volume
        ρ
True
       
Tablet weight          ρ
True
  Tablet volume                    (12) 
where tablet volume was calculated based on tablet height of 3 mm and diameter of 
10 mm. 
True densities of excipients were estimated using a helium gas pycnometer (Pentapyc 
5200e, Quantachrome Instruments, USA). Excipients to be tested were equilibrated at 
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ambient conditions for 24 hours before packing into the measurement cells for 
estimations of their true densities under helium purge. All measurements were carried 
out in triplicates. 
The true density of each filler was obtained and the targeted tablet weights are shown 
in Table 2. Target tablet weights were calculated with consideration of the measured 
true density of MgSt which was 1.0079 ± 0.0008 g/cm
3
. 
Table 2. The respective true densities of materials and targeted weights of tablets. 
Filler True density (g/cm
3
) Target weight (g) 
MCC 1.5574 ± 0.0032 0.3429 
PGS 1.4888 ± 0.0014 0.3278 
Lactose 1.5348 ± 0.0021 0.3380 
 
All tablets collected were held in clear plastic bags (153 mm × 101 mm) and exposed 
to different storage conditions as described in Section 3B.2. 
3B.2 Control of storage conditions 
Special tablet storage conditions of temperature and RH were created for this study. 
Sodium chloride (Analytical reagent grade, Merck, Germany) and potassium 
carbonate (Analytical reagent grade, Fisher Scientific, UK) were used to prepare 
saturated salt solutions required in creating the respective RH of 75% and 43%. Silica 
beads were used to create RH of < 25%. After the desired RH had been attained in 
each dessicator, each set comprising three different RH levels were placed into the 
refrigerator, a temperature-regulated room and a constant climate chamber (KBF 115, 




3B.3 Characterization of tablets 
Stored tablets were sampled from each of the investigated storage conditions at 
specific time intervals over a period of 4 weeks after tablet ejection and immediately 
characterized. The frequency of sampling stored tablets for characterization was 
chosen based on preliminary studies, feasibility and nature of the characterization 
tests as listed in Table 3. Characterization tests at Time 0 were carried out 
immediately after tablet ejection from the rotary press. 
Table 3. Sampling frequency for tablet characterization. 
Characterization test Storage time after tablet ejection 





















Tablet dimensions           
Tensile strength           
Disintegration time  - - -       
Moisture content  - - -       
: Characterization test performed - : Characterization test not performed 
3B.3.1 Height and diameter 
Height and diameter of each tablet were determined using the non-contact laser 
profiler instrument as described in Sections 3A.2 and 3A.3. At each stipulated 
sampling time point, 5 tablets were sampled from each stored batch and measured for 
3 revolutions on the laser profiler. The sampled tablets were discarded after 
measurement. In addition, a recovered Lactose tablet was used as a negative control. 
The dimensional data collected would be further processed as detailed in Section 3B.4. 
3B.3.2 Weight 
Tablet weight was evaluated as described in Section 3A.4.1. 
61 
 
3B.3.3 Tensile strength 
Tablet TS was derived from values of tablet breaking force obtained via the method 
described in Section 3A.4.2. The TS of round tablets were calculated using equation 
(13). 
TS (  mm3)    
2 
 D 
                                         (13) 
where F is the mean breaking force (N), D and H are the corresponding mean 
diameter (mm) and mean height (mm) of the tablet. 
3B.3.4 Disintegration time 
The DT (minutes) was determined according to the method on disintegration test for 
tablets as specified in the BP, using a disintegration tester (DT2, Sotax, Switzerland) 
with plastic discs incorporated. The disintegration medium was 800 mL of de-ionized 
water maintained at 37.0 °C. The DTs of six tablets were collected and averaged. 
3B.3.5 Loss on drying 
The moisture content of four ground tablets was determined according to the 
gravimetric loss on drying (LOD) method as specified under the respective 
monographs of MCC, PGS and Lactose in the BP. For each excipient, the LOD (%) of 
the three replicate batches of tablets was determined and averaged. The drying 
conditions of the ground tablets were maintained in a hot air oven (600, Memmert, 






Table 4. LOD conditions as specified in BP for the respective excipients. 
Excipient Drying temperature (°C) Drying duration (hours) 
MCC 105  3 
PGS 120 4 
Lactose 80 2 
 
LOD was calculated using equation (14). 
    ( )   
  -  
  
                 (14) 
where W1 and W2 are the weights (g) of the ground tablets before and after drying 
respectively. 
3B.4 Evaluation of changes in tablet physicomechanical properties 
Bearing in mind the difficulty involved with determining the true volume of a bevel-
edged tablet, the tablet height and diameter acquired at each time point were 
combined to approximate the cylindrical tablet volume instead as shown in equation 
(15). The difference in volume contributed by the beveled edges was deemed 
insignificant relative to the overall changes expected. 
                                       
        
 
            (15) 
Characterization data (e.g. volume, TS and DT) were calculated for their mean 
percentage change with respect to the characterization data collected at Time 0 (Δ 
response, e.g. Δ volume, Δ TS and Δ DT respectively) based on the following 
equation (16). 
Δ                
   -  o
 o
   100          (16) 
63 
 
where Rx and Ro indicate the respective characterization data means (responses such 
as volume, TS or DT) collected at Time x and Time 0. Time x is the specified time of 
characterization as listed earlier in Table 3. 
Exclusion criteria were also established using a negative control. RMSE of the control 
readings were calculated using equation (17) to give an indication of the inherent 
error of the measurement made by the non-contact laser triangulation setup.   
  MSE              
        
 
              
 
 
        (17) 
where        is the Δ response value for the i
th
 observation and          is the 
predicted Δ response value which was assumed to be 0 since the negative control 
tablet should not show any changes. Sample size in this calculation was n = 30. 
The computed RMSEs of the negative control tablets included in analyses of MCC, 
PGS and Lactose samples were ± 0.357 %, ± 0.348 % and ± 0.305 % respectively. 
Readings that were found to be within these specified ranges were deemed to be 
insignificant and excluded from further statistical analysis. 
Δ volume, Δ TS and Δ DT of the triplicates for each material were plotted against 
time after tablet ejection. Since an equilibrium would eventually be reached, 
stabilization of tablet physicomechanical properties was expected. This was 
corroborated in one study conducted by Alderborn and Ahlneck (1991), where the 
profile of tablet TS against time eventually reached a plateau, after which no further 
physicomechanical changes were observed (Alderborn and Ahlneck, 1991). Fig. 7 
illustrates the possible general plots of changes in tablet physicomechanical properties 
over time. Two useful parameters were obtained from these plots. First, the 
percentage change, SSresponse, determined from the plateau region was used to 
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represent the extent of change of the tablet property. Second, time to reach the steady 
state, tSSresponse, was also determined to indicate the rate of change of that property. 
 (A) (B) 
  
Fig. 7. Possible general plots of (A) positive and (B) negative percentage changes in 
tablet physicomechanical properties. 
However, a plateau may not necessarily be reached even after 4 weeks of storage. In 
these cases, an extrapolative modeling approach was proposed in this study. Based on 
the findings of Rees and Tsardaka, stress relaxation data showed an excellent fit to a 
hyperbolic relationship, from which useful viscoelastic parameters, such as the total 
viscoelastic force at time 0 and the relaxation half-life, may be quantified (Rees and 
Tsardaka, 1993). Therefore, data collected were fitted into general hyperbolic models 
using a graphing software program (SigmaPlot 11.0, Systat Software Inc, USA) to 
generate similar parameters for latent recovery. Through these models, the steady 
state value, SSresponse, and the time taken after tablet ejection to attain 50% of SSresponse 
in the hyperbola/hyperbolic decay phase, t50response, were determined. For example, 
the SSresponse values predicted for volume and TS would be denoted as SSV and SSTS 




3B.5 Statistical analysis 
A univariate general linear model (Minitab 16, Minitab Inc, USA) was used to 
analyze the 3
2
 full factorial study design at a confidence interval of 95 %, with the 
inputs of SSresponse and tSSresponse or t50response obtained. Plots of the main effects were 
used to describe the impact of storage conditions on the respective responses at 




STUDY C: Recovery of post-compaction matrices prepared from multi-
component formulations 
The effect of excipients on recovery in post-compaction matrices prepared from 
multi-component formulations was investigated. The investigated excipients included 
a variety of common fillers, binders and disintegrants as listed in Table 5. 
Pharmaceutical tablets were prepared from multi-component formulations comprising 
the investigated excipient (69.5%, w/w), Lactose (30.0%, w/w) and a lubricant, MgSt 
(0.5%, w/w) and from a binary single-filler formulation comprising only Lactose 
(99.5%, w/w) and MgSt (0.5%, w/w). The tablets were directly compacted at three 
compression forces and then evaluated over 24 hours for changes in their heights, 
diameters and TS. The experiment was performed in triplicate to ensure 
reproducibility. 
All experiments in this study were conducted in a laboratory with regulated 
temperature and RH conditions to achieve desired ambient conditions of 25 °C and 50% 
RH.  
3C.1 Preparation and blending of excipients 
The excipients were first individually sieved through a 850 μm aperture size sieve. 
The test excipient and Lactose were then geometrically blended using a vortex mixer 
(MyLab SLV−6, Seoulin Bioscience, Korea) for five minutes to prepare the test 
excipient-Lactose mixtures. The mixtures as well as Lactose powders were then 
equilibrated for 24 hours at ambient conditions. Finally, the lubricant, 0.5%, w/w 
MgSt (M125, Productos Metallest, Spain) was added to the test excipient-Lactose 
mixtures or Lactose and blended for two minutes to prepare the multi-component 
formulations or binary single-filler formulation for tableting. 
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Table 5. Excipients evaluated in study on latent recovery of multi-component tablets. 
 Excipient Abbreviation Product name Source 
1 α-lactose monohydrate Lactose SpheroLac® 100 Meggle, Germany 
2 Microcrystalline cellulose MCC Avicel® PH102 FMC Biopolymer, Ireland 
3 Dibasic calcium phosphate dihydrate DCP Emcompress® Edward Mendell, USA 
4 Pregelatinized starch PGS Starch 1500® Colorcon, USA 
5 Corn starch Corn starch Purity® 21 National Starch and Chemical, USA 
6 Tapioca starch Tapioca starch Purity® 21T National Starch and Chemical, USA 
7 Potato starch Potato starch Fecule Supra NP Bacteriologique Roquette, France 
8 Hydroxypropyl methylcellulose HPMC K4M Methocel™ K4M Prem Dow Chemical, USA 
9 Hydroxypropyl methylcellulose HPMC K15M Methocel™ K15M Prem Dow Chemical, USA 
10 Polyvinylpyrrolidone PVP K25 Kollidon® 25 BASF, Germany 
11 Polyvinylpyrrolidone PVP K90 Kollidon® 90F BASF, Germany 
12 Cross-linked polyvinylpyrrolidone X-PVP XL Polyplasdone™ XL ISP Technologies, USA 
13 Croscarmellose sodium Ac-Di-Sol Ac-Di-Sol® FMC Biopolymer, USA 
14 Sodium starch glycolate SSG ExploTab® Penwest Pharmaceuticals, USA 







3C.2 Preparation of tablets 
Each powder blend was directly compacted using a single-station, manually-operated 
bench-top tablet press (NP-RD10, Natoli Engineering, USA) in triplicate. Three 
different compression forces, 14.7 kN (1.5 tons), 19.6 kN (2.0 tons) and 24.5 kN (2.5 
tons) were applied to prepare R-FFBE tablets of 10 mm diameter, each weighing 300 
mg. Weighing of the powder blends and die filling were performed manually for each 
tablet. 
3C.3 Tablet dimensions 
Height and diameter changes of each tablet were determined using the non-contact 
laser profiler instrument as described in Sections 3A.2 and 3A.3. Five freshly-
prepared tablets from each batch were loaded and analyzed in the laser profiler 
instrument for 24 hours. During this period, the tablets were measured every minute 
in a quasi-continuous fashion for the first hour, and then hourly thereafter. For every 
set of analysis, a fully-recovered Lactose tablet was also included as a negative 
control to negate the influence of instrumental errors on the results obtained.  
The mean percentage change in tablet height (Δ height) and mean percentage change 
in tablet diameter (Δ diameter) for each sample were calculated according to equation 
(16) described in Section 3B.4. Δ height and Δ diameter represent the latent 
dimensional recovery in the axial and radial directions respectively. Plots of Δ height 
and Δ diameter against time were prepared and the corresponding SSHt and SSDia for 
each plot were determined for statistical analysis. 
3C.4 Poisson's ratio 
Poisson's ratio was calculated based on equation (18) using tablet height and diameter 
data obtained in Section 3C.3.  
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          (18) 
where υ is Poisson's ratio, D0 and H0 are the tablet diameter and height measured at 
Time 0 respectively, and ΔDx and ΔHx are the changes in tablet diameter and height at 
Time x relative to Time 0 respectively. 
Plots of Poisson's ratio against time were then prepared for qualitative analysis. 
3C.5 Tensile strength 
Tablet breaking force was determined based on the method of resistance to crushing 
of tablets as described under Section 3A.4.2 and tablet TS was calculated using 
equation (13) from Section 3B.3.3. In this study, five tablets from each sample were 
measured. Measurements of tablet breaking force, height and diameter were 
performed immediately after tablet ejection from the die and subsequently again after 
24 hours of storage at ambient conditions. Percentage change in tablet TS after 24 
hours of storage was calculated for each sample replicate using equation (19).  
                            
 
                                                           
                            
         (19) 
Mean percentage change in TS for each sample was then obtained from the mean of 3 
replicates. 
3C.6 Statistical analysis 
One-way analysis of variance (ANOVA) (Excel 2007, Microsoft, USA) and Tukey's 
post hoc test was used to compare between the SSresponse of tablets of the same 
formulation to investigate the effect of compression force on dimensional change. 
Levene's test for homogeneity of variances was also conducted before using ANOVA. 
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Independent samples t-tests (Excel 2007, Microsoft, USA) were used to compare the 
SSresponse of tablets from the multi-component formulations with that of tablets from 
the binary single-filler (Lactose and MgSt) formulation to discern influence of the 
added test excipients. The tablets’ TS immediately upon ejection and after 24 hours 
were also evaluated via t-tests. In addition, Pearson correlation coefficient (r) was 




STUDY D: A line method to evaluate impact of tablet geometry and compression 
pressure on recovery of post-compaction matrices 
This study was performed as a two-part study to evaluate use of a developed line 
method to investigate the effect of tablet geometry and compression pressure on 
recovery of post-compaction matrices containing a single excipient and the lubricant. 
A manual single-station press was used in Part 1 of the study while a motorized rotary 
multi-station press was used in Part 2 of the study. All experiments were conducted in 
a laboratory with regulated temperature and RH conditions to achieve desired ambient 
conditions of 25 °C and 50% RH.  
For the purpose of this study, the potential of the evaluated excipients to display 
changes in tablet physicomechanical properties after compaction is a prerequisite. 
Polymeric materials are generally known to undergo recovery after compaction 
(Picker, 2000; van der Voort Maarschalk et al., 1997b). PGS in particular has been 
reported to exhibit substantial volume expansion (Anuar and Briscoe, 2009; Picker, 
2000). Consequently, the excipients selected were PGS (Starch1500, Colorcon, USA), 
co−processed spray agglomerates consisting of equal parts of Lactose and HPMC 
(RetaLac, Meggle, Germany), and tapioca starch (PURITY 21T, National Starch, 
USA). These are common excipients that may be used as tablet fillers. MgSt (M125, 
Productos Metallest, Spain) was used as the lubricant for the tableting process. 
3D.1 Duration of material equilibration 
Equilibration of excipients was required prior to tableting to minimize the 
confounding effects of moisture sorption and/or desorption. Preliminary LOD tests of 
the excipients were carried out in triplicates to systematically determine the duration 
of equilibration required. 
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Initially, 15 g of each excipient was stored under controlled ambient temperature and 
RH conditions for 72 hours. LOD testing was performed on 1 g samples from each 
excipient at 24, 48 and 72−hour intervals with a halogen moisture analyzer (H 83, 
Mettler Toledo, Switzerland). The time interval when no further significant change in 
the LOD results was observed across all the excipients was deemed as the 
equilibration duration.  
Table 6 shows the mean LOD results for each excipient at different time intervals. 
ANOVA was conducted to examine differences in LOD across the different time 
intervals for each excipient. No significant change was observed in LOD across all 
three excipients after 24 hours. The duration of material equilibration was thus set at 
24 hours. 
Table 6. Mean LOD results for the excipients in powder form at different time 
intervals. 
Excipient Time interval Mean LOD (%) 
PGS 
24-hour 9.34 ± 0.38 
48-hour 9.43 ± 0.79 
72-hour 9.46 ± 0.81 
RetaLac 
24-hour 4.19 ± 0.11 
48-hour 4.13 ± 0.09 
72-hour 4.11 ± 0.11 
Tapioca starch 
24-hour 10.01 ± 0.05 
48-hour 9.69 ± 0.32 
72-hour 10.22 ± 0.23 
 
3D.2 Part 1: Tablet production using a manual single-station press 
Part 1 of the study was based on a full-factorial design where tablets of five different 
geometries (Fig. 8) were prepared with compression pressures set at 150 MPa and 300 
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MPa. Three different excipients, PGS, RetaLac® and tapioca starch were investigated 
to determine a suitable excipient for subsequent study in Part 2. Table 7 shows the 
combination of factors employed. Immediately post-compaction, changes in tablet 
height and breaking force were determined over a 24-hour period. 























Fig. 8. Tablet geometries evaluated in Part 1 (using manual single-station press). 
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C1 R-FFBE 300 PGS 
C2 R-FFBE 150 PGS 
C3 R-STD 300 PGS 
C4 R-STD 150 PGS 
C5 R-DEEP 300 PGS 
C6 R-DEEP 150 PGS 
C7 C-FFBE 300 PGS 
C8 C-FFBE 150 PGS 
C9 C-STD 300 PGS 
C10 C-STD 150 PGS 
C11 R-FFBE 300 RetaLac® 
C12 R-FFBE 150 RetaLac® 
C13 R-STD 300 RetaLac® 
C14 R-STD 150 RetaLac® 
C15 R-DEEP 300 RetaLac® 
C16 R-DEEP 150 RetaLac® 
C17 C-FFBE 300 RetaLac® 
C18 C-FFBE 150 RetaLac® 
C19 C-STD 300 RetaLac® 
C20 C-STD 150 RetaLac® 
C21 R-FFBE 300 Tapioca starch 
C22 R-FFBE 150 Tapioca starch 
C23 R-STD 300 Tapioca starch 
C24 R-STD 150 Tapioca starch 
C25 R-DEEP 300 Tapioca starch 
C26 R-DEEP 150 Tapioca starch 
C27 C-FFBE 300 Tapioca starch 
C28 C-FFBE 150 Tapioca starch 
C29 C-STD 300 Tapioca starch 




Each of the equilibrated excipients was geometrically mixed with MgSt and blended 
using a vortex mixer (MyLab SLV−6, Seoulin Bioscience, Korea) for 5 minutes upon 
addition of the last portion of the excipient. Tapioca starch and RetaLac® were 
blended with 1%, w/w MgSt while PGS was blended with only 0.25%, w/w MgSt due 
to its sensitivity to the softening effects of alkaline stearate lubricants (Rowe et al., 
2012). 
Powder blends from each excipient were directly compacted into 250 mg tablets using 
a single-station, manually-operated bench-top tablet press (NP-RD10, Natoli 
Engineering, USA). Tooling for different tablet geometries as illustrated in Fig. 8 
were used in combination with compression pressures of 150 MPa and 300 MPa. 
Weighing of the powder blends and die filling were performed manually for each 
tablet. Three replicate batches of tablets were produced for each factor combination. 
3D.3 Part 2: Tablet production using a motorized rotary multi-station press 
The excipient which showed the greatest extent of latent dimensional recovery in Part 
1 was selected for another full factorial study to further evaluate the effect of tablet 
geometry and compression pressure on recovery in post-compaction matrices at a 
larger production scale. The tablet geometry was split into two components, tablet 
shape and tablet contour, for detailed study. Four tablet geometries were evaluated at 
compression pressures of 100 MPa, 200 MPa and 300 MPa. Table 8 shows the factor 
combinations used. As in Part 1, changes in the tablet height and breaking force over 














X1 R-FFBE Round FFBE 300 
X2 R-FFBE Round FFBE 200 
X3 R-FFBE Round FFBE 100 
X4 R-STD Round Standard Convex 300 
X5 R-STD Round Standard Convex 200 
X6 R-STD Round Standard Convex 100 
X7 C-FFBE Capsule FFBE 300 
X8 C-FFBE Capsule FFBE 200 
X9 C-FFBE Capsule FFBE 100 
X10 C-STD Capsule Standard Convex 300 
X11 C-STD Capsule Standard Convex 200 
X12 C-STD Capsule Standard Convex 100 
 
A double cone mixer (AR 401, Erweka, Germany) was used to blend the selected 
excipient (PGS) and lubricant at 30 rpm for 5 minutes. The proportion of excipient to 
MgSt used was similar to that described earlier in Part 1. 
The powder blend was directly compacted into 300 mg tablets using a multi-station 
high-speed rotary tablet press (R190F/14, GEA-Courtoy, Belgium) for the scale-up 
evaluation. A greater tablet mass was required in order to attain the highest 
compression pressure of 300 MPa. The tablet geometries evaluated were R-FFBE, R-
STD, C-FFBE and C-STD. R-DEEP tablets were excluded from study as they are less 
commonly produced in the pharmaceutical industry. Compression pressures of 100 
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MPa, 200 MPa and 300 MPa were applied. Tableting speed was kept constant at 250 
tablets per minute and pre-compression force set at 3000 N. Three replicate batches of 
tablets were produced for each combination of factors. 
3D.4 Characterization of tablets 
3D.4.1 Height 
Height of each tablet was determined using the non-contact laser profiler instrument 
as described in Sections 3A.2 and 3A.3.1. Five freshly-prepared tablets from each 
factor combination were loaded and analyzed in the laser profiler instrument for 24 
hours. During this period, the tablets were measured every minute in a quasi-
continuous fashion for the first hour, and then hourly thereafter. In addition, a 
recovered Lactose tablet was used as a negative control. 
3D.4.2 Weight and breaking force 
Tablet weight and breaking force were evaluated as described in Sections 3A.4.1 and 
3A.4.2 respectively. Breaking force measurements were performed immediately after 
tablet ejection from the die and subsequently again after 24 hours of storage at 
ambient conditions. The mean breaking force of five tablets from each sample 
replicate was determined in this study. 
3D.4.3 Loss on drying 
Five 250 mg tablets from each sample were first prepared by crushing to powder 
using a mortar and pestle before 1 g was collected for LOD evaluation. LOD tests 
were performed using a halogen moisture analyzer (HR83, Mettler Toledo, 
Switzerland) using 1 g of powdered sample each time. Drying temperature for the 
tests was set at 95 °C with a sampling frequency of 30 seconds. When mean weight 
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loss is less than 1 mg per 50 seconds of drying time, the sample weight will be 
recorded and LOD results calculated. All LOD tests were carried out in triplicates. 
3D.5 Development of line method for analysis of corrected tablet profiles 
In addition, a line method was developed to derive three parameters from each 
corrected tablet profile (as described earlier in Section 3A.3.1 and depicted in Fig. 4D) 
to describe the tablet axial dimensional changes. A typical corrected tablet profile 
produced from the laser triangulation setup at a single time point is shown in Fig. 9. 
The three parameters derived were the maximum point of the profile (which 
corresponded to the tablet height), the area under the curve of the profile (AUC) and 
the segmented height. For the purpose of this study, the AUC refers to the area within 
the corrected tablet profile, as shown by the shaded portion in Fig. 9.  
The extent of tablet axial dimensional changes was assessed via percentage changes in 
the maximum point (synonymous to Δ height) and AUC (Δ AUC) of the corrected 
tablet profile with time. Additionally, in order to investigate the uniformity of axial 
dimensional changes across the tablet surface, each corrected tablet profile was 
divided into twenty 5% segments across the longest axis of the tablet as shown by the 
dotted lines in Fig. 9 and the mean "height" within each segment (segmented height) 
was derived. Percentage changes of the segmented height (Δ segmented height) with 
time were subsequently determined. Calculations of Δ height, Δ AUC and Δ 
segmented height were performed as described by equation (16) in Section 3B.4. 
Possible plots of Δ height and Δ AUC with time derived from the corrected tablet 
profiles are shown in Fig. 10. Model A generally followed a hyperbolic curve. In 
Model B, the Δ height or Δ AUC reached a peak initially, followed by a progressive 
decrease and plateau. Steady state Δ height (synonymous to SSHt) and Δ AUC of the 
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tablet height profile (SSAUC) for each tablet were extrapolated from the plateaus for 
statistical analysis. 
Fig. 9. Typical corrected tablet profile produced from the laser triangulation setup at a 
single time point. Changes in the height and AUC of the profile, and mean "height" 
within each of the twenty segments were monitored with time. 
 
 
Model A Model B 
  
Fig. 10. Possible plots of Δ height and Δ AUC. SSHt and SSAUC for each tablet were 
extrapolated from the plateau. 
 
Plots of Δ height and Δ AUC of the corrected tablet profiles for the negative control 
tablet were obtained to provide an indication of any inherent error in measurements 
SSHt or SSAUC 






























Profile was divided 
into twenty segments. 
Mean "height" within 
each segment was 
monitored with time. 

























made by the non-contact laser triangulation instrument. Changes recorded for the 
negative control tablet were found to be negligible and/or markedly smaller than the 
observed changes in the sample tablets, which suggested that results collected in the 
study were unlikely to be due to errors in measurements. 
Additionally, RMSE of the SSHt and SSAUC readings of the negative control tablet 
were calculated based on equation (17) as described in Section 3B.4. The sample size 
was 30 and 12 for Part 1 and Part 2 respectively.  
Computed RMSE values of the SSHt and SSAUC for the control tablets in Part 1 were ± 
0.0086 % and ± 0.0079 % respectively, while those in Part 2 were ± 0.0164 % and ± 
0.0139 % respectively. Henceforth, any experimental results that were within this 
specified range would be excluded from further statistical analysis. 
3D.6 Percentage change in breaking force 
Breaking force values obtained from the triplicate measurements were used to 
calculate the percentage change in mean tablet breaking force after 24 hours of 
storage relative to Time 0 as shown in equation (20). 
                                            
 
                                                                
                             
       (20) 
3D.7 Statistical analysis 
A statistical software program (SPSS Release 20, IBM SPSS Statistics, USA) was 
used to perform the statistical analysis in this study at a confidence interval of 95%.  
A univariate general linear model was used to examine the effects of tablet geometry 
and compression pressure on percentage change in breaking force. A multivariate 
general linear model was used to analyze the effects of tablet geometry and 
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compression pressure on SSHt and SSAUC. Plots of interaction effects (if any) were 
also obtained. 
Independent samples t-tests were used to compare the tablets’ breaking force 







RESULTS AND DISCUSSION 
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4 RESULTS AND DISCUSSION 
STUDY A: Development of laser triangulation as a profiling tool for monitoring 
dimensional changes in post-compaction matrices 
4A.1 Acquisition and processing of data from laser profiler 
Data for both axial and radial dimensions were collected by operating the developed 
setup with the aluminum studs loaded on all seventeen platforms of the turntable. 
When plotted against time, the axial and radial profiles for one rotation were as shown 
in Fig. 11A and Fig. 11B respectively. In both profiles, the differentiations between 
individual platforms were clearly demarcated by peaks since the region between each 
platform was of a greater distance from the sensors. An intermediate trough was 
observed where each stud was positioned since distance from the sensor was reduced. 
This observation is illustrated in Fig. 11C, Fig. 11D and Fig. 11E which show the 
correlation of an individual loaded platform profile to the subject being measured. A 
trough of greatest depth was also observed in Fig. 11A and Fig. 11B indicating the 
position of the marker platform which was of closest proximity to the sensor, and was 
used to determine the start of each new rotation cycle. These observations indicated 
that the data collected could be used to accurately identify and monitor each tablet’s 
dimensions as well as the number of rotations or measurement cycles accomplished. 
This accurate differentiation between tablets at each unique measurement time point 









Fig. 11. Collected (A) axial; and (B) radial profiles of aluminum studs loaded on the 
turntable platforms, where the studs are represented by the seventeen troughs, S1 
through S17, located between two marker troughs, S0. (C) Axial; and (D) radial 
profiles collected from one stud-loaded platform, where the measured corresponding 
sections i through v are graphically represented in schematic (E). [continued on next 
page] 
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Fig. 11. [continued from previous page] Collected (A) axial; and (B) radial profiles of 
aluminum studs loaded on the turntable platforms, where the studs are represented by 
the seventeen troughs, S1 through S17, located between two marker troughs, S0. (C) 
Axial; and (D) radial profiles collected from one stud-loaded platform, where the 
measured corresponding sections i through v are graphically represented in schematic 
(E). 
i ii v iv iii i ii iii iv v 
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From the profile of one full rotation of the turntable with all seventeen platforms, the 
individual platform profiles were isolated and curve-fitted individually to obtain their 
respective baseline platform profiles. The axial and radial baselines were significantly 
curve-fitted as indicated by their high R-squared values ranging from 0.9035 to 
0.9862 and from 0.9963 to 0.9997 respectively. Hence, the models used for baseline 
approximation were deemed suitable for both axial and radial baseline data 
processing. 
The difference between stud profiles and their corresponding approximated baseline 
profiles were then calculated to obtain outlines of the studs measured (Fig. 12). 
Calculation of height using the arithmetic mean model produced results with relative 
standard deviation ranging from 0.092 % to 0.212 %, while the curve-fit model 
applied for calculation of diameter produced R-squared values ranging from 0.9997 to 
0.9999. Again, the small relative standard deviation values and significantly high R-
squared values of the curve-fit model indicated the appropriateness of the proposed 
models for the calculation of height and diameter respectively. 
4A.2 Verifying accuracy and precision of the laser profiler 
Accuracy and precision of the laser profiler was verified using aluminum studs and 
Lactose tablets as non-deforming compacts and potentially deforming model 


























Fig. 12. A typical stud outline from the (A) axial direction obtained by subtracting the 
blank profile from the stud profile of a single platform as illustrated by the dashed 
arrow path in schematic (B). A typical stud outline from the (C) radial direction 
obtained by subtracting the blank profile from the stud profile of a single platform as 


























Fig. 12. [continued from previous page] A typical stud outline from the (A) axial 
direction obtained by subtracting the blank profile from the stud profile of a single 
platform as illustrated by the dashed arrow path in schematic (B). A typical stud 
outline from the (C) radial direction obtained by subtracting the blank profile from the 




4A.2.1 Evaluation of non-deforming aluminum studs 
The measurements of height and diameter of each stud made by the micrometer screw 
gauge and developed instrument were compared (Fig. 13). Paired t-test did not show 
significant differences between the developed instrument and micrometer screw 
gauge measurements of stud height (p = 0.975) and diameter (p = 0.944). This 
observation showed that the developed instrument and the micrometer screw gauge 
produced comparable results when used to measure the aluminum studs. Furthermore, 
with respect to the micrometer screw gauge, the RMSE of the height and diameter of 
the aluminum studs as measured by the developed instrument were 0.0107 mm and 
0.0061 mm, respectively. These errors amounted to only 0.111% and 0.065% of the 
studs’ mean height and diameter as measured by the micrometer screw gauge. 
The aluminum studs measured over 24 hours at hourly intervals produced height and 
diameter results with relative standard deviation values ranging from 0.0013% to 
0.0056% for the stud height and 0.0031% to 0.0125% for the stud diameter. The small 
relative standard deviation values observed demonstrated that the developed 
instrument was capable of producing consistent measurements automatically over an 
extended period of time. 
These features demonstrated the suitability of this developed instrument for automatic 
and reliable quasi-continuous dual-dimensional measurements of multiple tablets over 
an extended duration. 
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Fig. 13. Measurements of mean stud height (○) and diameter (□) from the developed 
setup (laser triangulation) were plotted against the corresponding mean micrometer 
screw gauge measurements of stud height (∆) and diameter (◊) to illustrate the 
former’s precision and accuracy. 
4A.2.2 Evaluation of potentially deforming Lactose tablets 
The three types of Lactose tablets manufactured in triplicate batches were 
characterized and their respective mean weights and breaking forces recorded as 
summarized in Table 9 below.  
Table 9. Physical characteristics of the three batches of model tablets manufactured. 
Sample Mean weight (g) Mean breaking force (N) 
Lact20 0.793 ± 0.002 21.5 ± 0.85 
Lact30 0.793 ± 0.002 37.9 ± 1.37 
Lact40 0.790 ± 0.003 47.8 ± 2.35 
 
Based on standards specified in the BP, all the tablets produced complied with the 
weight uniformity specifications.  
For breaking force, the recorded measurements for all three types of tablets were 
higher than the initial targets of 20, 30 and 40 N. As the initial targeted breaking 




































compression force, it was expected to observe a variation in recorded breaking forces 
after one week of storage. More importantly, all three types of tablets were 
significantly different (p < 0.001) and hence, were still distinct from each other. 
For all three types of tablets tested, significant differences were observed between 
measurements of tablet height and diameter made by the micrometer screw gauge (M) 
and laser-optical sensor (L1). The measurement results are summarized in Table 10.  
Table 10. Measurements of tablet height and diameter made by the laser-optical 
sensors (L1) and the micrometer screw gauge (M). 
Sample Diameter (mm) Height (mm) 
 L1 M L1 M 
Lact20 13.076 ± 0.012 13.067 ± 0.002 
1 
6.127 ± 0.021 6.058 ± 0.009 
1 
Lact30 13.083 ± 0.011 13.075 ± 0.002 
1 
5.932 ± 0.022 5.880 ± 0.018 
1 
Lact40 13.083 ± 0.010 13.077 ± 0.002 
1 
5.837 ± 0.029 5.788 ± 0.021 
1 
1
 significant difference between L1 and M (p < 0.001) 
Measurements made using the micrometer screw gauge consistently produced lower 
values of tablet height and diameter as compared to those from the laser profiler. This 
observation differed from measurements of the non-deforming aluminum studs where 
no significant difference was observed between measurements from the laser profiler 
and micrometer screw gauge (Fig. 13). This difference suggested that during 
micrometer screw gauge measurement, contact made with the tablet surface, as well 
as load applied by the jaws of the micrometer, induced deformation to the tablet 
surface and/or core, resulting in lower values recorded. This result also supported the 
hypothesis that contact measurement methods can induce inaccuracies when used for 
measurement of tablets.  
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Measurements of tablet height and diameter made in L1 were then compared with 
those from L2 to determine the level of deformation induced permanently on the tablet 
by the micrometer screw gauge. The measurement results are shown in Table 11. 
Table 11. Measurements of tablet height and diameter made by the laser-optical 
sensors before (L1) and after (L2) use of the micrometer screw gauge. 
Sample Diameter (mm) Height (mm) 
 L1 L2 L1 L2 
Lact20 13.076 ± 0.012 13.074 ± 0.011 
 
6.127 ± 0.021 6.117 ± 0.020 
1 
Lact30 13.083 ± 0.011 13.081 ± 0.009 
 
5.932 ± 0.022 5.926 ± 0.028 
2 
Lact40 13.083 ± 0.010 13.081 ± 0.010 
2 
5.837 ± 0.029 5.834 ± 0.028 
2 
1 
significant difference between L1 and L2 (p < 0.005) 
2 
significant difference between L1 and L2 (p < 0.05) 
Non-contact laser profiler measurements of tablet height and diameter taken before 
use of the micrometer screw gauge were generally larger than those measured after. 
These results suggested that a permanent deformation had taken place during use of 
the micrometer screw gauge. Upon relief of the load applied by contact of the 
micrometer jaw on the tablet surface, the deformation persisted and could be detected 
by comparison of the non-contact measurement data from the laser profiler. While 
changes in diameter were not statistically significant in the case of Lact20 and Lact30, 
it is plausible that the perceived lack of significance difference could be due to the 
laser profiler's inability to detect contact deformation at only a few isolated points 
along the tablet band. As the laser profiler used the entire exposed section of the tablet 
band circumference for calculation of tablet diameter, impact of deformation induced 
by the micrometer at only three pairs of contact points will likely be diluted. 
However, significant differences were observed between the control measurements L1 
and L3 for both height (p = 0.014) and diameter (p = 0.003). This observation 
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suggested that handling during measurements could have also contributed 
significantly to the changes in tablet dimensions recorded. Therefore, sample handling 
by the analyst should be kept minimal during measurements to avoid any accidental 
changes to tablet dimensions. 
4A.3 Summary 
The developed laser profiler performed per design, producing accurate and consistent 
measurements of the non-deforming cylindrical aluminum studs. Results gathered 
were shown to be of similar accuracy to the commonly-employed micrometer screw 
gauge for the measurement of stud height and diameter. Mathematical models derived 
and used in the processing of data from the laser profiler for height and diameter 
calculations in this study were observed to be appropriate. When potentially 
deforming Lactose tablets were measured, use of the micrometer screw gauge induced 
deformations which may lead to measurement inaccuracies. In comparison, due to the 
non-contact nature of the laser profiler, inaccuracies that may be caused by 
mechanical deformation and/or chipping of soft tablets may be avoided. In addition, 
its semi-automatic operation would minimize the hassle and risk of errors from 
conventional manual measurement techniques which typically involve additional 
sample handling by the analysts.  
Overall, these features provide the laser profiler with an advantage over other 
methods that are currently used. There is substantial potential for its application in 
monitoring of dimensional changes in post-compaction matrices, especially over a 
long time frame.  
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STUDY B: Impact of storage temperature and RH conditions on the 
physicomechanical properties of post-compaction matrices over time 
4B.1 Overview of changes in tablet physicomechanical properties 
Model tablets made from MCC, PGS and Lactose were stored at 9 different 
conditions of temperature (< 5 °C, 25 °C, 40 °C) and RH (< 25%, 43%, 75%) 
immediately after ejection in a 3
2
 full factorial study. After 4 weeks (equivalent to 672 
hours), tablets stored at some of the storage conditions still did not reach steady state. 
Increasing trends in Δ volume and Δ TS were observed, while Δ DT attained steady 
state (Fig. 14). 
(A) MCC tablets at 25 °C, 75% RH (B) Lactose tablets at 40 °C, 75% RH 
  
(C) Lactose tablets at 25 °C, 75% RH 
 
Fig. 14. An example of profiles showing the status of steady state attainment in (A) Δ 
volume, (B) Δ TS, and (C) Δ DT of tablets stored at various temperature and RH 























































Time after tablet ejection (hours) 
95 
 
SSresponse and tSSresponse could be determined from the plots of Δ DT. However, Δ 
volume and Δ TS have yet to reach steady state, therefore, their SSresponse and 
tSSresponse could not be determined. In these cases, the modeling approach as described 
in Section 3B.4 was employed to obtain corresponding responses that represent the 
profiles of changes for full factorial analysis. 
4B.2 Tablet volume and tensile strength 
4B.2.1 Alternative data handling method and modeling for Δ volume and Δ TS 
From the respective plots obtained in Fig. 15, Fig. 16 and Fig. 17, the trends of Δ 
volume and Δ TS over time observed were mostly found to resemble the hyperbola 
model of stress relaxation proposed by Rees and Tsardaka (Rees and Tsardaka, 1993). 
Data were fitted into hyperbolic models and the coefficient of determination (R
2
) 
values obtained for the models ranged from 0.7 to 0.9, which indicated satisfactory to 
excellent non-linear regression. Interestingly, the transformation of data collected into 
various hyperbolic models led to the observation of four distinct profiles. These 
profiles were defined as the monophasic models Ia, Ib, and the biphasic models IIa, 
IIb as shown in Fig. 18. The four proposed models were useful to classify the profiles 
of Δ volume and Δ TS.  urthermore, modeling of data was advantageous for 
mathematical extrapolation of the SSresponse and t50response values to estimate the extent 







(i) < 25% RH  
  
(ii) 43% RH  
  
(iii) 75% RH  
  
 
Fig. 15. Plots of (A) Δ volume and (B) Δ TS of MCC tablets stored over a period of 4 
weeks after tablet ejection under different RH conditions: (i) < 25% RH, (ii) 43% RH, 
and (iii) 75% RH, and temperature conditions: () < 5 °C, () 25 °C, () 40 °C. A 

































































































(i) < 25% RH  
  
(ii) 43% RH  
  
(iii) 75% RH  
  
 
Fig. 16. Plots of (A) Δ volume and (B) Δ TS of PGS tablets stored over a period of 4 
weeks after tablet ejection under different RH conditions: (i) < 25% RH, (ii) 43% RH, 
and (iii) 75% RH, and temperature conditions: () < 5 °C, () 25 °C, () 40 °C. A 









































































































(i) < 25% RH  
  
(ii) 43% RH  
  




Fig. 17. Plots of (A) Δ volume and (B) Δ TS of Lactose tablets stored over a period of 
4 weeks under different RH conditions: (i) < 25% RH, (ii) 43% RH, and (iii) 75% 
RH, and temperature conditions: () < 5 °C, () 25 °C, () 40 °C. A control tablet 
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 (A) Model Ia (B) Model Ib 
 
 
(C) Model IIa (D) Model IIb 
 
 
Fig. 18. Diagrammatic representation of (A) monophasic hyperbola model Ia: two 
parameter single hyperbola; (B) monophasic hyperbolic decay model Ib: three 
parameter hyperbolic decay; (C) biphasic hyperbola model IIa: initial linear decrease 
followed by three parameter single hyperbola; and (D) biphasic hyperbolic decay 
model IIb: initial linear increase followed by three parameter hyperbolic decay. 
4B.2.2 Effect of storage conditions on volume and TS of MCC tablets 
The proposed monophasic models Ia and Ib, and the biphasic model IIb fitted the 
volume and TS data collected for MCC tablets as shown in Table 12 and Table 13. 
From values of SSV and t50V derived from the model-fits, the main effects plots of 
temperature and RH were obtained and presented in Fig. 19A and Fig. 19B. RH was 
found to significantly affect the volume of the stored MCC tablets where a decrease in 
volume was observed at low RH conditions and an increase observed at high RH 








































































RH < 5 °C 25 °C 40 °C 
< 25% 
Model IIb: 


























































































































(A) SSV of MCC tablets (B) t50V of MCC tablets 
  
(C) SSTS of MCC tablets (D) t50TS of MCC tablets 
  
Fig. 19. Main effects of temperature and RH on (A) SSV with p = 0.899 and p < 
0.001* respectively; (B) t50V with p = 0.187 and p = 0.166 respectively; (C) SSTS 
with p < 0.001* and p < 0.001* respectively; and (D) t50TS with p = 0.886 and p = 
0.161 respectively of MCC tablets. (*: denotes statistically significant effects) 
 
Based on the changes in moisture content of the stored MCC tablets determined using 
the gravimetric method as plotted in Fig. 20, tablet expansion at high RH conditions 
could be due to moisture sorption (Reier and Shangraw, 1966), while shrinkage 
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Fig. 20. LOD plot of MCC tablets stored over a period of 4 weeks under different 
conditions. Storage conditions: () < 5 °C, < 25% RH; () 25 °C, < 25% RH; () 
40 °C, < 25% RH; () < 5 °C, 43% RH; () 25 °C, 43% RH; () 40 °C, 43% RH; 
() < 5 °C, 75% RH; () 25 °C, 75% RH; and () 40 °C, 75% RH. 
The effects of temperature and RH on SSTS were statistically significant while effects 
on t50TS were not. Tablets stored at 25 °C and 40 °C resulted in similar slight 
increases in TS, while storage at < 5 °C resulted in a significant drop in TS as shown 
in Fig. 19C.  
Fig. 19C also showed that significant increase in TS was observed in tablets stored at 
low RH, while high RH conditions resulted in a reduction in TS. Desorption at < 25% 
RH could have caused densification of compact, promoting interparticulate 
interactions, hence increasing TS (Chowhan et al., 1982).  Tablet expansion at 75% 
RH due to moisture sorption could have caused bond disruptions (Brittain, 1995), 
resulting in reduced TS of tablets. Change in TS for tablets stored at 43% RH was 
expected to be small due to the comparatively smaller difference in RH between 
storage (43%) and equilibration (50%) conditions. In addition, the sorption/desorption 
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moisture content of tablets stored at 43% RH was not expected to change significantly 
and these tablets could provide useful information with reduced confounding effects 
of moisture sorption/desorption. Changes in volume and TS at the extreme RH 
conditions tested were therefore likely due to moisture sorption/desorption instead of 
viscoelastic recovery since MCC is able to take up large amounts of water, and is also 
predominantly not viscoelastic in nature. 
A statistically significant interaction effect was also observed between temperature 
and RH on SSTS of MCC tablets. However, the observed differences caused by this 
interaction effect were small, as indicated by the closeness of the intersecting plots of 
25 °C and 40 °C (Fig. 21). TS of MCC tablets would therefore not be greatly affected 
by this interaction. 
 
Fig. 21. Interaction plot of temperature and RH on SSTS showing a statistically 
significant interaction effect (p = 0.034). 
SSV and SSTS also appeared to be inversely correlated, where increased volume 
resulted in decreased TS and vice versa as observed from Fig. 19A and Fig. 19C. This 
further showed the effect of moisture sorption (tablet expansion) on interparticulate 

































shrinkage) in turn resulted in formation of interparticulate bonds, leading to stronger 
MCC tablets. 
4B.2.3 Effect of storage conditions on volume and TS of PGS tablets 
Analysis of SSV in PGS tablets were carried out for all the nine storage conditions. 
Similar to that in MCC, Δ volume profiles were represented by either monophasic 
model Ia or biphasic model IIb tabulated in Table 14. However, Δ TS of PGS tablets 
over time followed either the monophasic model Ib or biphasic model IIa as listed in 
Table 15.  
Table 14. Model-fits proposed for Δ volume of PGS tablets under the respective 
storage conditions. 
 Temperature 
RH < 5 °C 25 °C 40 °C 
< 25% 
Model IIb: 




= 0.813)  
Model IIb: 


























































Table 15. Model-fits proposed for Δ TS of PGS tablets under the respective storage 
conditions. 
 Temperature 



























































Main effects plot for temperature and RH computed from the SSV and t50V values 
showed that RH significantly affected both the SSV and t50V of PGS tablets (Fig. 22A 
and Fig. 22B). Trends observed in SSV were similar to those of MCC where a 
decrease in volume was observed at low RH conditions and an increase observed at 
high RH conditions. Longer t50V was observed at both extremities of RH storage 
conditions tested. Temperature was not found to significantly affect SSV and t50V of 
PGS tablets.  
Trends of Δ volume observed in PGS tablets were generally similar to those in MCC 
(Fig. 15 and Fig. 16). The observed trends could be attributed to moisture 
sorption/desorption (Fig. 23) since PGS, like MCC, is also known to undergo swelling 





(A) SSV of PGS tablets (B) t50V of PGS tablets 
  
(C) SSTS of PGS tablets (D) t50TS of PGS tablets 
  
Fig. 22. Main effects of temperature and RH on (A) SSV with p = 0.895 and p < 
0.001* respectively; (B) t50V with p = 0.099 and p = 0.013* respectively; (C) SSTS 
with p = 0.175 and p = 0.017* respectively; and (D) t50TS with p = 0.435 and p = 
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Fig. 23. LOD plot of PGS tablets stored over a period of 4 weeks after tablet ejection 
under different storage conditions. Storage conditions: () < 5 °C, < 25% RH; () 
25 °C, < 25% RH; () 40 °C, < 25% RH; () < 5 °C, 43% RH; () 25 °C, 43% RH; 
() 40 °C, 43% RH; () < 5 °C, 75% RH; () 25 °C, 75% RH; and () 40 °C, 75% 
RH 
However, being an elastic-deforming material, the propensity of PGS to undergo 
latent recovery was reported (Jivraj et al., 2000). Therefore, the observed volume 
expansion could also be due to latent dimensional recovery. This was evident when 
comparing results obtained from MCC and PGS tablets stored at 43% RH as shown in 
Fig. 15A(ii) and Fig. 16A(ii) respectively. Greater Δ volume (i.e. volume expansion) 
in PGS tablets was attained, despite the comparable stability in moisture content of 
both materials over the storage period which can be inferred from Fig. 20 and Fig. 23. 
RH also displayed significant effects on t50V. t50V at 43% RH was reached shortly 
after tablet ejection. This could be due to the large initial axial dimensional recovery 
and a subsequent overall small volume change (Fig. 16A(ii)). Conversely, prolonged 
t50V obtained at < 25% RH could be due to the concurrent volume reduction through 
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Hence, a longer time was required to see the net effect of the two processes. 
Furthermore, there was an initial tablet expansion prior to the shrinkage (Model IIb) 
during the 4 weeks storage period for tablets stored at < 25% RH (Table 14).  
Effects of RH were statistically significant on SSTS of the PGS tablets. High RH 
condition resulted in the greatest change in TS while storage at intermediate RH 
showed the least change (Fig. 22C). No other significant effects were observed.  
Main effects plot of RH on SSTS of PGS tablets showed a general decrease in TS of 
PGS tablets stored under the different RH levels (Fig. 22C).  At 43% RH, reduction in 
TS in the absence of significant moisture sorption or desorption over the storage 
period was again indicative of latent recovery. The change in particle shape as 
deformed particles release stored elastic energy over time affected the internal 
packing of particles, leading to bond disruption, increased tablet porosity and 
eventually decreased TS. Substantial decrease in TS of tablets stored at 75% RH 
conditions could be due to disruptions of bonds resulted from the combined effects of 
both water sorption and latent recovery.  
Similar to MCC, an inverse correlation between SSV and SSTS was also observed (Fig. 
22A and Fig. 22C), where increased tablet volume resulted in decreased TS and vice 
versa. However, PGS tablets stored at < 25% RH condition, a reduction in TS was 
observed despite tablet shrinkage.  
4B.2.4 Effect of storage conditions on volume and TS of Lactose tablets 
Based on the RMSE range of the negative control tablet in analysis of Lactose tablets 
(± 0.305%), results obtained from all nine storage conditions were excluded from 
statistical analysis since data collected were within the exclusion range (Fig. 17A). 
Hence, no significant observations of Δ volume were recorded in Lactose tablets over 
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the 4 weeks of storage. Results obtained were consistent with the reported 
predominant brittle fracture of Lactose during powder compaction (Chowhan and 
Chow, 1980). 
However, changes in TS after tablet ejection showed reproducible trends between the 
triplicate batches of tablets. The plots obtained followed either a monophasic model 
Ib or biphasic model IIa (Table 16). A general decrease in TS despite the different 
storage conditions was observed (Fig. 24A). Effects of temperature and RH on SSTS 
were both statistically significant. Lactose tablets stored at low temperature displayed 
greatest reduction in TS as compared to storage at higher temperatures. Similarly, 
exposure to lowest RH resulted in greatest reduction in TS. When stored under high 
RH conditions, TS of Lactose tablets initially decreased but gradually increased such 
that the TS after 4 weeks of storage was comparatively similar to that at Time 0 (Fig. 
17B (iii)). 
Table 16. Model-fits proposed for Δ TS of Lactose tablets under the respective 
storage conditions. 
 Temperature 





























































(A) SSTS of Lactose tablets (B) t50TS of Lactose tablets 
  
(C) Interaction plot on SSTS (D) Interaction plot on t50TS 
  
Fig. 24. Main effects of temperature and RH on (A) SSTS with p < 0.001* and p < 
0.001* respectively; and (B) t50TS with p = 0.769 and p = 0.078 respectively of 
Lactose tablets. Interaction plots of temperature and RH on (C) SSTS with p < 0.001*; 
and (D) t50TS with p = 0.004*. (*: denotes statistically significant effects) 
 
The initial decrease in TS under all storage conditions (Fig. 17B), could be due to 
weakened interparticulate bonds resulting from the large amount of stored energy and 
the large ejection friction coefficient (van der Voort Maarschalk et al., 1997b). 
Subsequent exposure to humid conditions allowed fractures to ‘heal’, as seen from the 
relatively higher TS of tablets at higher RH conditions in Fig. 17B(iii) compared to 
those stored at lower RH conditions (Aulton, 2007). 
Significant interaction was observed between temperature and RH (Fig. 24C). SSTS 
for tablets stored at 25 °C was comparable to that at 40 °C at 43% RH condition. 
However, at lower RH conditions, tablets stored at 25 °C were comparatively stronger 
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interaction effect of high temperature and RH resulted in positive SSTS when their 
individual effects were actually negative or negligible. As mentioned, presence of 
moisture helps in healing fractures. Interaction effect on SSTS could therefore be 
attributed to the different water carrying capacity of air at the various temperatures 
and the absolute amount of moisture present under the particular storage condition.  
Individual effects of temperature and RH on t50TS as shown in Fig. 24B were 
statistically insignificant despite smaller t50TS values noted at lower temperatures and 
RHs. However, significant interaction effects of temperature and humidity were 
observed (Fig. 24D). Tablets stored at < 5 °C, attained SSTS very rapidly at 
intermediate and low RH conditions whereas the t50TS was greatly prolonged upon 
exposure to 75% RH conditions. In contrast, tablets stored at 25 °C showed a 
decreasing trend of t50TS as RH was increased. Lastly, tablets stored at 40 °C showed 
the greatest t50TS value at the intermediate RH condition with lower t50TS values at 
the two extreme RH conditions tested. Hence, effect of storage temperature on t50TS 
differed greatly based on the RH conditions applied. 
4B.3 Effects of storage conditions on DT of tablets 
The time at which no further changes in tablet DT were observed for each material 
was determined from profiles of post-compaction Δ DT against time and reported as a 
range (Table 17).  
Table 17. Time required to reach steady state in Δ DT (tSSDT). 
Material tSSDT 
MCC 48 to 168 hours 
PGS 48 to 336 hours 
Lactose 24 to 168 hours 
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Since steady states of Δ DT (SSDT) were attained within 4 weeks of storage, data 
collected after tSSDT were treated as replicate measurements and used for calculation 
of SSDT. Full factorial analysis of the effects of temperature and RH on SSDT was 
performed. 
The bar charts and the respective main effects plot of the three types of tablets are 
shown in Fig. 25. SSDT observed can either be positive or negative. Positive SSDT 
indicated DT of tablets became slower upon storage, while negative SSDT indicated 
faster tablet DT. 
The main effects plots of SSDT of the three types of tablets generally did not display 
any similar trends except for the effect of temperature on SSDT of MCC and PGS 
tablets (Fig. 25B(i) and Fig. 25B(ii)). Effects of RH on DT of MCC and PGS tablets 
were different despite the many similar trends observed in terms of changes in tablet 
volume and TS. This difference could be attributed to the different disintegration 
mechanisms observed. End-point determination of the disintegration test for MCC 




(i) MCC tablets  
  
(ii) PGS tablets  
  
(iii) Lactose tablets  
  
 
Fig. 25. (A) SSDT of (i) MCC, (ii) PGS, and (iii) Lactose tablets at respective storage 
conditions. Storage temperature: ( ) < 5 °C ( ) 25 °C ( ) 40 °C. (B) Main effects 
plot of (i) temperature (p < 0.001*) and RH (p < 0.001*) on SSDT of MCC tablets; (ii) 
temperature (p = 0.003*) and RH (p = 0.001*) on SSDT of PGS tablets; and (iii) 
temperature (p = 0.042*) and RH (p < 0.001*) on SSDT of Lactose tablets. (*: denotes 
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However, PGS tablets disintegrated slowly by swelling and wicking mechanisms, and 
the disintegration medium became cloudy as it approached the end-point of 
disintegration (Desai et al., 2012). End-point determination was therefore more 
difficult, resulting in relatively larger variations in DT of PGS tablets (Fig. 25A (ii)). 
The contrasting effects of RH on MCC and Lactose were observed (Fig. 25B (i) and 
(iii)). In general, MCC tablets disintegrated faster (shorter DT) while Lactose tablets 
disintegrated slower (longer DT) over the storage period of 4 weeks. The shorter DT 
of MCC tablets seen at high humidity could be due to effect of swelling, which 
hastened the capillary uptake of water into the high intra-particulate porous tablet 
matrix and enhanced the breaking up of the hydrogen bonds.  
The prolonged tablet disintegration of Lactose tablets exposed to high RH conditions 
was likely due to the stronger tablets (discussed in Section 4B.2.4) which took a 
longer time to break up. Riepma et al. (1992) postulated that the narrow pores of 
Lactose tablets could be blocked by the sorped moisture when exposed to high RH 
conditions (Riepma et al., 1992), hence blocking the passage of disintegrating 
medium during disintegration. The quick disintegration of Lactose tablets resulting 
from rapid liquid uptake and fast dissolution of bonds (van Kamp et al., 1986) were 
therefore hindered. 
4B.4 Implications of results 
Regardless of material used, storage conditions that resulted in significant alterations 
of tablet volume, DT and reduced TS should be avoided. Alterations in tablet 
dimensions could result in cracked coatings if the tablets were coated prior to 
attaining the steady state. Alterations in DT could affect the rate of drug release from 
the tablets for absorption. As such, deviations from the desired rate of drug release 
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might affect tablet performance (e.g. the onset of drug action). Reduced TS in turn 
might result in tablet destruction during packaging and handling. 
4B.5 Summary 
Results obtained indicated that steady states of the physicomechanical properties 
investigated were not achieved immediately after tablet ejection, and in some cases, 
four weeks of storage was insufficient for changes in tablet volume and TS to reach 
steady state. The proposed modeling of data into four distinct hyperbolic models 
hence facilitated the derivation of quantitative inputs, SSresponse and t50response, which 
provided valuable information upon statistical analysis. 
Through full factorial design analysis, the influence of different temperature and RH 
storage conditions on compact properties of different materials with distinct 
predominant deformation characteristics was better understood. In general, RH played 
a more significant role as compared to temperature. However, the extent and rate of 
physicomechanical properties changes varied extensively with the excipients and 
storage conditions used. Changes in tablet dimensions and TS on storage were mostly 
attributed to moisture sorption/desorption and latent recovery of the tablets. PGS 
being a viscoelastic-deforming material that undergoes swelling, displayed wider 
range of percentage changes compared to MCC and Lactose. The effects of moisture 
and latent recovery were often confounded. Prudent selection and control of 
equilibration and test storage conditions would be required to elucidate the individual 
effects of latent recovery and moisture. 
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STUDY C: Recovery of post-compaction matrices prepared from multi-
component formulations 
4C.1 Time-dependent changes in tablet height 
Δ height for all materials tested were calculated for each test replicate and averaged. 
The mean changes were plotted against time to obtain the plots shown in Fig. 26, Fig. 
27, Fig. 28, Fig. 29 and Fig. 30. When compared against the RMSE of the negative 
control tablet from each respective set of analysis, all materials compacted at various 
forces showed a Δ height that was considerably larger than their respective RMSEs. 
The sole exception was tablets containing mannitol compacted at 1.5 tons which had 
Δ height comparable to the RMSE of the negative control tablet. Influence of the 
excipients and compression force on Δ height of post-compaction matrices was 
analyzed based on data collected. 
4C.1.1 Excipient effect on Δ height 
From the plots, the excipients could generally be divided into two categories where 
tablets containing PGS, PVP K25, PVP K90, X-PVP XL, Ac-Di-Sol and SSG showed 
maximum changes of about 1 % or more, while tablets with the single-filler Lactose, 
MCC, DCP, corn starch, tapioca starch, potato starch, HPMC K4M, HPMC K15M 
and mannitol showed maximum changes of less than 0.5%. Plots of Δ height against 
time generally followed hyperbolic models where most of the changes occurred 
rapidly after ejection before flattening into plateaus. The positive hyperbola model 
was generally applicable for most excipients but a few excipients were observed to 
demonstrate a biphasic hyperbolic trend of Δ height as seen in Fig. 27B, Fig. 27C and 
Fig. 28. These tablets grew in tablet height initially but after some time, began to 









Fig. 26. Δ height over 24 hours for (A) Lactose, (B) MCC and (C) DCP tablets 
compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression force. A 

























































Fig. 27. Δ height over 24 hours for (A) PGS, (B) corn starch and (C) tapioca starch 
tablets compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression 

























































Fig. 28. Δ height over 24 hours for (A) potato starch, (B) HPMC K4M and (C) HPMC 
K15M tablets compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of 

























































Fig. 29. Δ height over 24 hours for (A) PVP K25, (B) PVP K90 and (C) X-PVP XL 
tablets compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression 

























































Fig. 30. Δ height over 24 hours for (A) Ac-Di-Sol, (B) SSG and (C) mannitol tablets 
compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression force. A 





















































To provide greater clarity, the asymptote, SSHt for each curve was extrapolated by 
fitting to the hyperbolic models presented earlier in Study B. The SSHt values are 
presented in Fig. 31 for comparison. While most excipients tested showed a positive 
SSHt after 24 hours, there was no change in height for tablets containing mannitol and 
the heights of tablets containing potato starch, HPMC K4M and HPMC K15M 
decreased after 24 hours. In order to elucidate the individual and/or interaction effects 
of the test excipients in the powder blends, comparisons were made with the single-
filler tablets comprising only Lactose and the lubricant, MgSt. At 1.5 tons of 
compression force, only multi-component tablets comprising Lactose, MgSt and one 
of the following excipients, PGS (p = 0.015), corn starch (p = 0.005), tapioca starch 
(p = 0.028), potato starch (p = 0.007), PVP K25 (p = 0.013), PVP K90 (p = 0.017) 
and Ac-Di-Sol (p = 0.007), were significantly different from the corresponding 
single-filler tablets. This result suggested that at compression force of 1.5 tons, 
inclusion of excipients such as MCC, DCP, HPMC K4M, HPMC K25M, X-PVP XL, 
SSG and mannitol did not significantly alter the tablet height changes of their 
respective multi-component formulations with Lactose and MgSt. At 2.0 tons, only 
Lactose/PGS (p = 0.017), Lactose/potato starch (p = 0.039), Lactose/PVP K25 (p = 
0.015), Lactose/Ac-Di-Sol (p = 0.049) tablets showed significant difference from the 
single-filler tablets. At 2.5 tons, only two of these multi-component tablets, 
Lactose/PGS (p = 0.022) and Lactose/potato starch (p = 0.006), gave tablets that 





































4C.1.2 Effect of compression force on Δ height 
Comparisons were made between tablets of the same formulation that were 
compacted at different forces to investigate any potential effects of compression force 
on tablet height changes observed. Four formulations tested were found to differ in Δ 
height when compression force was varied. Lactose tablets (p = 0.030) and 
Lactose/DCP tablets (p = 0.025) were found to have greater overall Δ height when 
compacted at 2.5 tons compared to 1.5 tons. On the other hand, Lactose/PVP K25 
tablets (p = 0.008) and Lactose/Ac-Di-Sol tablets (p = 0.001) showed greater overall 
Δ height when compacted at 1.5 tons compared to both 2.0 and 2.5 tons. Hence, the 
effect of compression force on Δ height was clearly material-dependent. 
4C.2 Time-dependent changes in tablet diameter 
Δ diameter for all materials tested were also calculated for each test replicate and 
averaged. The mean changes were plotted against time to obtain the plots shown in 
Fig. 32, Fig. 33, Fig. 34, Fig. 35 and Fig. 36. When compared against the RMSE of 
the negative control tablet from each respective set of analysis, majority of the 
excipients compacted at various forces showed a Δ diameter that was considerably 
larger than their respective RMSEs. However, tablets with the following test 
excipients, Lactose, MCC and mannitol, had Δ diameter indistinguishable from the 
RMSE of the negative control tablet at all compression forces tested. For 
Lactose/DCP tablets, Δ diameter was only considerably larger than RMSE at 2.5 tons 
of compression force, and for Lactose/tapioca starch tablets, only at 2.0 and 2.5 tons. 
In similar fashion to the previous section, influence of the excipients and compression 










Fig. 32. Δ diameter over 24 hours for (A) Lactose, (B) MCC and (C) DCP tablets 
compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression force. A 


































































Fig. 33. Δ diameter over 24 hours for (A) PGS, (B) corn starch and (C) tapioca starch 
tablets compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression 



































































Fig. 34. Δ diameter over 24 hours for (A) potato starch, (B) HPMC K4M and (C) 
HPMC K15M tablets compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of 


































































Fig. 35. Δ diameter over 24 hours for (A) PVP K25, (B) PVP K90 and (C) X-PVP XL 
tablets compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression 





























































Fig. 36. Δ diameter over 24 hours for (A) Ac-Di-Sol, (B) SSG and (C) mannitol 
tablets compacted with (—) 1.5 tons, (—) 2.0 tons and (—) 2.5 tons of compression 



























































4C.2.1 Excipient effect on Δ diameter 
From the plots, the excipients could generally be divided into three categories. Tablets 
containing PVP K25, PVP K90 and Ac-Di-Sol showed greatest maximum changes of 
more than 1 %. Tablets with PGS and potato starch showed intermediate changes of 
about 0.1 % to 0.2 %. Finally, tablets of the remaining test excipients showed the least 
maximum changes of less than 0.1 %. Similar to Δ height, plots of Δ diameter against 
time generally followed hyperbolic models where most of the changes occurred 
rapidly after ejection before flattening into plateaus. Both the positive hyperbola and 
biphasic hyperbolic trends of Δ diameter were again observed. 
To provide greater clarity, the asymptote, SSDia for each curve was extrapolated by 
fitting to the hyperbolic models presented earlier in Study B. The SSDia values are 
presented in Fig. 37 for comparison. As mentioned in the previous paragraph, all 
samples containing the single-filler Lactose, MCC and mannitol had no observable Δ 
diameter over 24 hours. From the remaining samples with observable changes, tablets 
with DCP, PGS, PVP K25, PVP K90, X-PVP XL, Ac-Di-Sol and SSG, each showed 
a positive SSDia after 24 hours. On the other hand, diameters of tablets with corn 
starch, tapioca starch, potato starch, HPMC K4M and HPMC K15M tablets decreased 



































In order to elucidate the individual and/or interaction effects of the test excipients in 
the powder blends, comparisons were made with the single-filler tablets comprising 
only Lactose and the lubricant, MgSt. At 1.5 tons of compression force, only multi-
component tablets comprising Lactose, MgSt and one of the following excipients, 
PGS (p = 0.024), corn starch (p = 0.008), potato starch (p = 0.002), HPMC K4M (p = 
0.038), HPMC K15M (p = 0.024), PVP K25 (p = 0.003), PVP K90 (p = 0.025) and 
Ac-Di-Sol (p = 0.009), were significantly different from the corresponding single-
filler tablets. This result suggested that at compression force of 1.5 tons, inclusion of 
excipients such as MCC, DCP, tapioca starch, X-PVP XL, SSG and mannitol did not 
significantly alter the Δ diameter of their respective multi-component formulations 
with Lactose and MgSt. At 2.0 tons, only Lactose/PGS (p = 0.044), Lactose/potato 
starch (p = 0.007), Lactose/HPMC K4M (p = 0.013) and Lactose/HPMC K15M (p = 
0.029) tablets showed significant difference from the single-filler tablets. At 2.5 tons, 
the Lactose/corn starch (p = 0.018), Lactose/potato starch (p = 0.002), 
Lactose/HPMC K4M (p = 0.003) and Lactose/HPMC K15M (p = 0.037) tablets 
remained significantly different from the single-filler tablets. Comparing these results 
to those of Δ height from Section 4C.1.1, most excipients that influenced Δ height 
significantly when added to the formulation also had a significant influence on Δ 
diameter. However, inclusion of HPMC K4M and HPMC K15M in the formulation 
affected only Δ diameter and not Δ height at all compression forces tested. 
4C.2.2 Effect of compression force on Δ diameter 
Comparisons were made between tablets of the same formulation that were 
compacted at different forces to investigate any potential effects of compression force 
on Δ diameter observed. Three formulations tested were found to differ in tablet Δ 
diameter when compression force was varied. Lactose/PVP K90 tablets (p = 0.024) 
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were found to have greater overall Δ diameter when compacted at 1.5 tons compared 
to 2.5 tons. Similarly, Lactose/PVP K25 tablets (p = 0.006) and Lactose/Ac-Di-Sol 
tablets (p = 0.001) showed greater overall Δ height when compacted at 1.5 tons 
compared to both 2.0 and 2.5 tons. In comparison with results of Δ height, addition of 
PVP K25 and Ac-Di-Sol to the powder blend had consistent effects on both Δ height 
and Δ diameter when compression force was varied. 
4C.3 Poisson's ratio 
From the tablet height and diameter data gathered from the experiment, Poisson's ratio 
for each test sample was calculated and plotted against time to evaluate the time-
dependent Poisson's ratio of post-compaction matrices as shown in Fig. 38, Fig. 39 
and Fig. 40. As the traditional lower and upper limits of Poisson's ratio are from -1.0 
to 1.0, the y-axis of the plots had been limited deliberately for visual clarity. However, 
some excipients exhibited a larger fluctuation and/or numerically larger value of 
Poisson's ratio and for these plots in Fig. 39B, Fig. 39C, Fig. 39D, and Fig. 40E, an 
extended y-axis range of -5.0 to 5.0 was used. For the x-axis, a logarithmic scale was 
used to provide greater resolution to trends in the first hour where the largest 
dimensional changes were observed. 
Trends of Poisson's ratio changes with time were varied among the excipients tested 
in the multi-component formulations. However, some commonalities could still be 
observed. For excipients that exhibit brittle fracture characteristics during compaction 
such as Lactose, DCP and mannitol, the Poisson's ratio of tablets compacted at the 
three forces exhibited large fluctuations which eventually converged over time. Of 
these three brittle excipients, DCP compacted at 2.5 tons and mannitol compacted at 










Fig. 38. Change in Poisson's ratio over 24 hours for (A) Lactose, (B) MCC, (C) DCP , 
(D) PGS and (E) corn starch tablets compacted at (—) 1.5 tons, (—) 2.0 tons and (—) 




























































































































Fig. 39. Change in Poisson's ratio over 24 hours for (A) tapioca starch, (B) potato 
starch, (C) HPMC K5M, (D) HPMC K15M and (E) PVP K25 tablets compacted at 




























































































































Fig. 40. Change in Poisson's ratio over 24 hours for (A) PVP K90, (B) X-PVP XL, (C) 
Ac-Di-Sol, (D) SSG and (E) mannitol tablets compacted at (—) 1.5 tons, (—) 2.0 tons 
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However, as previously discussed, tablets containing DCP compacted at 1.5 tons and 
2.0 tons, and tablets containing mannitol compacted at 1.5 tons did not show 
measureable changes in one or both tablet dimensions over 24 hours. Hence, the 
Poisson's ratios for these curves would not be as precise due to the small changes 
involved. Large fluctuations were also observed in Fig. 39B, Fig. 39C and Fig. 39D 
for tablets with potato starch, HPMC K4M and HPMC K15M but these fluctuations 
were only observed about 2 hours after compaction. This observation could be due to 
the unique nature of their tablet dimensional changes where an inversion from 
positive to negative change was recorded. Similarly, most of the curves in these three 
plots eventually converged with the exception of both HPMC grades compacted at 1.5 
tons. 
The Poisson's ratios for most of the tested excipients after 24 hours were generally 
between -0.3 and 0.3. These results corroborated reports stating that most 
pharmaceutical materials possess Poisson's ratios of about 0.3. In the three instances 
where Poisson's ratio was observed to differ significantly from ±0.3, namely 
formulations with potato starch, HPMC K4M and HPMC K15M, their respective 
dimensional changes over time were also observed to be uncharacteristic as discussed 
in the previous paragraph. 
Compression force had varied effect on the Poisson's ratio of the excipients tested. 
Poisson's ratios of some excipients as seen in Fig. 38A, Fig. 38B, Fig. 38D, Fig. 38E 
and Fig. 39B were independent of compression force as their curves converged over 
time. However, in the tablet samples with DCP and tapioca starch, compaction at a 
higher force of 2.5 tons produced a slightly greater numerical value of Poisson's ratio 
compared to those obtained at 1.5 tons and 2.0 tons as shown in Fig. 38C, Fig. 39A. 
On the other hand, some excipients demonstrated a different Poisson's ratio at lower 
138 
 
force of 1.5 tons as observed from Fig. 39C, Fig. 39D, Fig. 40B, Fig. 40D and Fig. 
40E. Finally, the Poisson's ratio of some excipients were dependent on the 
compression force applied as may be seen in Fig. 39E, Fig. 40A and Fig. 40C. 
4C.4 Change in tablet TS 
TS of tablets from each formulation and compression force tested were determined 
immediately upon ejection and at the end of the 24-hour storage period (Table 18). 
Statistically significant changes in TS after 24 hours of storage were observed for 
tablets containing Lactose, MCC, corn starch and PVP K90 at specific conditions of 
compression force. 
Overall, both positive and negative changes in tablet TS were observed. Regardless of 
the compression force applied, TS of tablets containing Lactose, MCC, corn starch, 
tapioca starch, potato starch, HPMC K4M, HPMC K15M and mannitol had increased, 
while TS of tablets containing PGS, PVP K25, PVP K90, X-PVP XL and Ac-Di-Sol 
had decreased after 24 hours of storage. For tablets containing DCP and SSG, the 
increase or decrease in TS was dependent on the compression force applied. The 
mean percentage change in TS of tablets compacted at compression forces of 1.5 tons, 
2.0 tons and 2.5 tons showed negative correlation to Δ height (r = -0.931; r = -0.931; r 
= -0.799) and Δ diameter (r = -0.902; r = -0.898; r = -0.775). Thus, tablets with 
greater extent of latent dimensional recovery also experienced a decrease in TS. As 
the tablets increased in size, tablet porosity was also increased and the internal surface 
area involved in interparticle bonding could have reduced, causing a decrease in TS 
(Hardy et al., 2006; Haware et al., 2010; van der Voort Maarschalk et al., 1998). 
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Table 18. Mean tablet TS and mean percentage change in TS of tablets compacted 







) at  Mean percentage 
change in TS (%) 
0-hour 24-hour 
Lactose 
1.5 0.513 ± 0.059 0.602 ± 0.037* 26.08 
2.0 0.757 ± 0.046 0.910 ± 0.039* 20.40 
2.5 0.922 ± 0.124 1.087 ± 0.081 19.17 
MCC 
1.5 1.163 ± 0.042 1.258 ± 0.033* 8.19 
2.0 1.583 ± 0.078 1.703 ± 0.035 7.75 
2.5 1.835 ± 0.049 2.070 ± 0.068* 12.81 
DCP 
1.5 0.476 ± 0.031 0.506 ± 0.024 6.89 
2.0 0.730 ± 0.016 0.723 ± 0.039 -0.87 
2.5 1.008 ± 0.028 0.954 ± 0.010 -5.26 
PGS 
1.5 0.473 ± 0.029 0.418 ± 0.026 -11.52 
2.0 0.730 ± 0.058 0.659 ± 0.027 -9.43 
2.5 0.925 ± 0.070 0.866 ± 0.048 -6.25 
Corn 
starch 
1.5 0.911 ± 0.032 0.966 ± 0.047 6.29 
2.0 1.332 ± 0.021 1.442 ± 0.037* 8.23 
2.5 1.556 ± 0.055 1.706 ± 0.073 9.61 
Tapioca 
starch 
1.5 0.855 ± 0.041 0.883 ± 0.048 3.26 
2.0 1.286 ± 0.031 1.366 ± 0.048 6.21 
2.5 1.621 ± 0.057 1.727 ± 0.035 6.58 
Potato 
starch 
1.5 0.866 ± 0.055 0.991 ± 0.121 14.12 
2.0 1.147 ± 0.059 1.312 ± 0.138 14.16 
2.5 1.249 ± 0.086 1.444 ± 0.181 15.33 
HPMC 
K4M 
1.5 1.309 ± 0.065 1.337 ± 0.137 1.96 
2.0 1.678 ± 0.073 1.834 ± 0.144 9.18 
2.5 1.922 ± 0.130 2.148 ± 0.179 11.73 
* Significant difference between the mean TS values at 0-hour and 24-hour intervals 
(p < 0.05) 
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Table 18. [continued from previous page] Mean tablet TS and mean percentage 








) at  Mean percentage 




1.5 1.250 ± 0.072 1.345 ± 0.031 7.94 
2.0 1.667 ± 0.096 1.821 ± 0.038 9.49 
2.5 1.973 ± 0.219 2.081 ± 0.038 6.26 
PVP K25 
1.5 1.144 ± 0.172 0.965 ± 0.082 -15.05 
2.0 1.835 ± 0.210 1.651 ± 0.041 -9.31 
2.5 2.361 ± 0.305 2.257 ± 0.207 -2.81 
PVP K90 
1.5 0.761 ± 0.090 0.500 ± 0.102* -34.75 
2.0 1.249 ± 0.131 0.930 ± 0.216 -26.11 
2.5 1.683 ± 0.457 1.487 ± 0.297 -9.92 
X-PVP 
XL 
1.5 1.595 ± 0.115 1.548 ± 0.211 -2.60 
2.0 2.149 ± 0.187 2.087 ± 0.195 -2.79 
2.5 2.471 ± 0.121 2.448 ± 0.264 -0.99 
Ac-Di-Sol 
1.5 0.512 ± 0.105 0.299 ± 0.083 -42.21 
2.0 1.064 ± 0.167 0.716 ± 0.147 -32.92 
2.5 1.436 ± 0.242 1.373 ± 0.380 -5.45 
SSG 
1.5 0.895 ± 0.048 0.889 ± 0.152 -0.76 
2.0 1.219 ± 0.092 1.282 ± 0.189 5.32 
2.5 1.400 ± 0.076 1.477 ± 0.231 5.32 
Mannitol 
1.5 0.434 ± 0.060 0.499 ± 0.052 15.37 
2.0 0.630 ± 0.072 0.771 ± 0.021 23.67 
2.5 0.786 ± 0.100 0.896 ± 0.097 14.23 
* Significant difference between the mean TS values at 0-hour and 24-hour intervals 




In this study, the formulation and compression force effects of some common 
pharmaceutical excipients on recovery in post-compaction matrices were investigated 
in a model multi-component formulation consisting Lactose, MgSt and the excipient 
being investigated. Most excipients that influenced the tablet height changes 
significantly when added to the formulation also had a significant influence on tablet 
diameter. However, for some excipients such as HPMC K4M and HPMC K15M, the 
effects were exclusively observed in only one and not in both dimensions at all 
compression forces tested. Hence, post-compaction changes in tablet height and 
diameter were dissimilar and would not provide comparable results if evaluated singly. 
Poisson's ratio was used to combine the results from both dimensions in evaluation 
and qualitative observations could be discerned based on the profiles of Poisson's 
ratio over time. Also, post-compaction changes in tablet TS was observed to be 
negatively correlated to changes in tablet dimensions observed. The tablet porosity 
changes caused by latent dimensional recovery may have affected interparticle 
bonding which was reflected in the table TS changes measured. 
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STUDY D: A line method to evaluate impact of tablet geometry and compression 
pressure on recovery of post-compaction matrices 
4D.1 Part 1: Tablet production using a manual single-station press 
4D.1.1 Effects of tablet geometry and compression pressure on Δ height 
Mean Δ height over the 24-hour period for each factor combination is shown in Fig. 
41. The Δ height-time plots could generally be described using Model Ia’s profile 
(Fig. 18A). FFBE tablets consistently exhibited greater Δ height than convex tablets 
regardless of excipient and compression pressure. This observation could be attributed 
to lower friction encountered with the die-wall during ejection of flat-faced tablets 
(Abdel-Hamid and Betz, 2013), which might increase tablet expansion during 
recovery (van der Voort Maarschalk et al., 1997b). Higher axial pressure transmission 
in flat-faced tablets (Abdel-Hamid and Betz, 2013) might have also increased the 
amount of elastic energy stored. Consequently, tablet contour seemed more dominant 
than tablet shape in affecting changes in tablet height. Nonetheless, tablet shape could 
still be significant in certain cases, such as PGS compacted at high pressure (Fig. 
41A(i)) and RetaLac® compacted at low pressure (Fig. 41B(ii)), where clear 
distinctions were seen between C-FFBE and R-FFBE tablets, and between C-STD and 
R-STD tablets, respectively.  
Higher compression pressure generally led to greater Δ height, especially in PGS and 
RetaLac® R-FFBE tablets, possibly due to increased amounts of stored energy. 
However, there appeared to be an interaction between compression pressure and tablet 
geometry across all three excipients, whereby a greater Δ height was observed in R-
STD tablets when low compression pressure was used. 
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Fig. 41. Plots of mean Δ height of tablets compacted using the manual single-station 
press from each factor combination over the 24-hour period. Compression pressures: 
(A) 300 MPa and (B) 150 MPa. Excipients: (i) PGS, (ii) RetaLac® and (iii) Tapioca 














































For RetaLac®, Δ height-time plots of convex tablets compacted at high pressure 
corresponded to Model IIb’s profile (Fig. 18D). Similar observations had been 
reported previously in surface area changes of magnesium carbonate and phenacetin 
tablets (Armstrong and Haines-Nutt, 1974). Tablet recovery is known to be a net 
effect of interaction between stored elastic energy and resistance against tablet 
expansion (van der Voort Maarschalk et al., 1996, 1997b; Zuurman et al., 1999). 
RetaLac® consists of Lactose and HPMC. Lactose is known to exhibit brittle 
deformation, which could have reduced the storage of elastic energy during 
compaction (Çelik, 2009) and increased the number of interparticle bonding sites 
(Aulton, 2002). During post-compaction storage, high bonding capacity of the 
RetaLac® tablets could have overcome the elastic expansion, particularly in convex 
tablets due to their lower propensity for recovery as discussed above, resulting in the 
subsequent contraction in tablet height. 
4D.1.2 Effects of tablet geometry and compression pressure on Δ AUC of 
corrected tablet profiles 
Mean Δ AUC of the corrected tablet profiles over the 24-hour period for each factor 
combination is shown in Fig. 42. Trends observed in Δ AUC generally corresponded 
to those observed in Δ height. Nonetheless, there were subtle differences between the 
plots of these two parameters. For example, for PGS compacted at high pressure, 
there was distinction in the plots of Δ height among the convex tablets, whereby the 
SSHT in C-STD tablets was greater than those of R-STD and R-DEEP tablets (Fig. 
41A(i)). However, the same factor combination had shown no distinction in the plots 
of Δ AUC against time and SSAUC in C-STD tablets was similar to those of R-STD 
and R-DEEP tablets (Fig. 42A(i)).  
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Fig. 42. Plots of mean Δ AUC of tablets compacted using the manual single-station 
press from each factor combination over the 24-hour period. Compression pressures: 
(A) 300 MPa and (B) 150 MPa. Excipients: (i) PGS, (ii) RetaLac® and (iii) Tapioca 













































Examination of the mean segmented height profiles of the R-STD and R-DEEP 
tablets (Fig. 43) revealed that axial dimensions of the tablet had increased more at the 
edges compared to the middle region. AUC of the corrected tablet profile was able to 
detect these uneven changes in axial dimensions across the tablet surface while the 
height measurement could only reflect axial dimensional changes that occurred at the 
middle region of the tablet. Consequently, Δ AUC might be more representative of 
recovery for tablet geometries that are more prone to uneven axial dimensional 
changes across the surface, such as the round convex tablets. Furthermore, precision 
of Δ AUC was similar to that of Δ height, given that the size of error bars in the 
corresponding plots were similar, if not smaller. 
Convex tablets generally showed less uniform axial dimensional changes across the 
tablet surface than FFBE tablets regardless of excipient and compression pressure 
(Fig. 43 and Fig. 44). This might be due to the less uniform density distribution 
observed within convex tablets from previous studies (Eiliazadeh et al., 2003; 










Fig. 43. Surface plots of Δ segmented height profiles of round-shaped PGS tablets 
compacted at 300 MPa using the manual single-station press. Tablet geometries: (A) 
R-FFBE, (B) R-STD and (C) R-DEEP. Round convex tablets were likely to exhibit 















































Fig. 44. Surface plots of Δ segmented height profiles of capsule-shaped PGS tablets 
compacted at 300 MPa using the manual single-station press. Tablet geometries: (A) 
C-FFBE and (B) C-STD. FFBE tablets generally had more uniform axial dimensional 
changes across the tablet surface than convex tablets. Convex tablets were likely to 
have greater increase in axial dimensions at the edges compared to the middle region. 
 
4D.1.3 Effects of tablet geometry and compression pressure on SSHt and SSAUC 






























Table 19. Mean SSHt and SSAUC values for tablets compacted from each factor combination using the manual single-station press. 
Excipient Tablet geometry 
Compression pressure (MPa) 
300 150 
SSHt (%) SSAUC (%) SSHt (%) SSAUC (%) 
PGS 
R-FFBE 1.48 ± 0.10 1.50 ± 0.10 1.12 ± 0.04 1.15 ± 0.04 
R-STD 0.42 ± 0.18 0.70 ± 0.09 0.74 ± 0.06 0.90 ± 0.04 
R-DEEP 0.57 ± 0.07 0.80 ± 0.03 0.44 ± 0.09 0.57 ± 0.04 
C-FFBE 1.16 ± 0.03 1.17 ± 0.03 1.11 ± 0.03 1.13 ± 0.03 
C-STD 0.78 ± 0.05 0.85 ± 0.02 0.78 ± 0.05 0.82 ± 0.02 
RetaLac® 
R-FFBE 0.59 ± 0.05 0.58 ± 0.05 0.52 ± 0.01 0.50 ± 0.01 
R-STD 0.20 ± 0.03 0.27 ± 0.04 0.50 ± 0.04 0.49 ± 0.03 
R-DEEP 0.17 ± 0.02 0.21 ± 0.01 0.33 ± 0.07 0.34 ± 0.06 
C-FFBE 0.60 ± 0.03 0.57 ± 0.03 0.65 ± 0.02 0.63 ± 0.02 
C-STD 0.27 ± 0.02 0.27 ± 0.03 0.32 ± 0.02 0.37 ± 0.02 
Tapioca starch 
R-FFBE 1.01 ± 0.04 1.04 ± 0.03 0.99 ± 0.03 1.00 ± 0.03 
R-STD 0.67 ± 0.03 0.76 ± 0.02 0.87 ± 0.02 0.89 ± 0.02 
R-DEEP 0.69 ± 0.04 0.78 ± 0.04 0.68 ± 0.03 0.72 ± 0.02 
C-FFBE 0.97 ± 0.04 0.98 ± 0.04 0.98 ± 0.02 0.99 ± 0.02 







For all three excipients, tablet geometry had significant impact on both SSHt and 
SSAUC (p < 0.001). FFBE tablets had significantly higher SSHt and SSAUC than convex 
tablets, indicating greater extent of latent dimensional recovery. High compression 
pressure increased SSΔAUC in PGS tablets (p = 0.009) but decreased SSHt in tapioca 
starch tablets (p = 0.043). With exception of R-FFBE, high compression pressure 
resulted in significantly lower SSHt and SSAUC in RetaLac® tablets (p < 0.001), which 
corresponded to the discussion made in Section 4D.1.1. 
Interactions between tablet geometry and compression pressure were significant for 
all three excipients (PGS: p < 0.001, RetaLac®: p < 0.001 and tapioca starch: p = 
0.002) (Fig. 45). For PGS, high compression pressure generally resulted in higher 
SSHt and SSAUC across all tablet geometries with the exception of R-STD tablets, 
which showed higher SSHt and SSAUC at low compression pressure. Similar 
observation could be made for tapioca starch, where SSHt and SSAUC of R-STD tablets 
were higher at low compression pressure while SSHt and SSAUC in tablets of other 
geometries were less affected by compression pressure. Low compression pressure 
generally led to higher SSHt and SSAUC in RetaLac® tablets of all tablet geometries 
with the exception of R-FFBE tablets. 
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Fig. 45. Interaction plots of tablet geometry and compression pressure on (A) SSHt and 
(B) SSAUC. Excipients: (i) PGS, (ii) RetaLac® and (iii) Tapioca starch. Compression 



































































































4D.1.4 Effects of tablet geometry and compression pressure on changes in tablet 
breaking force 
Breaking force values of tablets from each factor combination were determined 
immediately upon ejection and at the end of the 24-hour storage period (Table 20). 
With the exception of RetaLac® compacted at low pressure, all C-FFBE tablets 
showed significant decrease in breaking force over 24 hours. Breaking force also 
decreased significantly for PGS and tapioca starch C-STD tablets compacted at high 
pressure. On the other hand, round tablets appeared to preserve their breaking force. 
Breaking force had decreased significantly only for PGS R-FFBE and tapioca starch 
R-DEEP tablets compacted at low pressure. Significant increase in breaking force was 
in fact seen in PGS R-STD and R-DEEP tablets. This could be due to stress relief 
within the tablets during storage, whereby plastic flow within the tablet increased the 
contact area between adjacent particles for increased bonding (Karehill and Nystrom, 
1990b; Lordi and Shiromani, 1984). 
For both PGS and tapioca starch, tablet geometry had a significant effect on 
percentage change in mean breaking force (p = 0.005 and p = 0.001 respectively), 
whereby breaking force of C-FFBE tablets decreased significantly compared to R-
STD and R-DEEP tablets. Compression pressure had no significant effect on their 
percentage changes in breaking force. For RetaLac®, neither tablet geometry nor 
compression pressure had any significant effect on changes in tablet breaking force, 
which might indicate good bonding capacity of the excipient. No significant 
interactions between tablet geometry and compression pressure were observed across 
all the excipients. Given the above findings, reduction in breaking force over the 24-
hour recovery period was more likely to occur in C-FFBE tablets. 
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Table 20. Mean tablet breaking force at different time intervals and percentage 
change in mean tablet breaking force over 24-hour period for tablets compacted from 
















300 100.60 ± 0.86 100.13 ± 0.92 − 0.47 
150 87.63 ± 1.04 83.67 ± 0.80* − 4.52 
R-STD 
300 94.07 ± 1.04 99.00 ± 1.78* + 5.24 
150 76.27 ± 1.78 75.13 ± 1.41 − 1.50 
R-DEEP 
300 99.37 ± 1.11 101.53 ± 1.68 + 2.17 
150 73.13 ± 0.87 78.30 ± 2.07* + 7.07 
C-FFBE 
300 93.57 ± 0.94 86.43 ± 1.53* − 7.63 
150 78.93 ± 1.26 66.90 ± 1.15* − 15.24 
C-STD 
300 96.50 ± 1.34 89.97 ± 0.86* − 7.26 
150 75.00 ± 1.39 72.50 ± 1.07 − 3.33 
RetaLac® 
R-FFBE 
300 89.87 ± 2.54 86.03 ± 1.38 − 4.27 
150 63.60 ± 0.92 62.00 ± .098 − 2.52 
R-STD 
300 96.47 ± 2.21 99.63 ± 2.37 + 3.28 
150 59.90 ± 0.79 59.20 ± 1.14 − 1.17 
R-DEEP 
300 91.77 ± 1.72 94.23 ± 1.85 + 2.68 
150 55.27 ± 1.04 56.00 ± .21 + 1.32 
C-FFBE 
300 105.20 ± 1.50 98.30 ± 1.05* − 6.56 
150 67.83 ± 1.39 67.23 ± 1.23 − 0.88 
C-STD 
300 94.07 ± 0.81 93.37 ± 0.81 − 0.74 




300 53.20 ± 0.63 54.40 ± 0.45 + 2.26 
150 43.67 ± 0.56 42.37 ± 0.44 − 2.98 
R-STD 
300 53.40 ± 1.54 52.27 ± 1.23 − 2.12 
150 38.93 ± 1.06 39.17 ± 0.76 + 0.62 
R-DEEP 
300 49.93 ± 0.92 47.93 ± 0.52 − 4.01 
150 36.60 ± 0.51 34.17 ± 0.64* − 6.64 
C-FFBE 
300 47.73 ± 0.54 36.83 ± 0.65* − 22.84 
150 38.63 ± 0.68 31.33 ± 0.51* − 18.90 
C-STD 
300 49.60 ± 0.75 46.90 ± 0.53* − 5.44 
150 37.00 ± 0.69 35.33 ± 0.64 − 4.51 
* Significant difference between the mean breaking force values at 0-hour and 24-
hour intervals (p < 0.05)  
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4D.1.5 Relationship between changes in axial dimensions and breaking force 
Relief of internal stress via tablet expansion had been reported to form and propagate 
internal fractures, which decreased tablet breaking force with time (Cahyadi et al., 
2013). However, results from Part 1 did not suggest any direct relationship between 
changes in axial dimensions and breaking force. Despite having shown similar SSHT, 
breaking force of R-FFBE tablets remained fairly stable over the recovery period, 
while that of C-FFBE tablets showed the greatest extent of reduction. 
4D.2 Part 2: Tablet production using a motorized rotary multi-station press 
Amongst the three excipients evaluated in Part 1 of the study, PGS exhibited the 
greatest extent of axial dimensional changes and was hence selected for scale-up 
evaluation in Part 2 using the motorized rotary multi-station press for compaction. 
4D.2.1 Effects of tablet geometry and compression pressure on Δ height 
Mean Δ height over the 24-hour period for each factor combination is shown in Fig. 
46. Similarities exist between the Δ height data from both Parts 1 and 2 of the study. 
FFBE tablets still showed greater Δ height than convex tablets. Differentiation of Δ 
height profiles of round and capsule-shaped tablets was more distinct in the FFBE 
tablets, whereby R-FFBE tablets showed greater extent of Δ height increase than C-
FFBE tablets. Tablet contour had a greater impact than tablet shape on Δ height, 












Fig. 46. Plots of mean Δ height of tablets compacted using the motorized rotary multi-
station press from each factor combination over the 24-hour period. Compression 
pressures: (A) 300 MPa, (B) 200 MPa and (C) 100 MPa. Tablet geometries: (—) R-

























However, contrary to PGS tablets from Part 1, tablets in Part 2 showed much lower Δ 
height and the SSHT generally increased as compression pressure decreased. In 
addition, Δ height profiles of convex tablets corresponded to Model IIb’s profile (Fig. 
18D). 
Such contrasting observations between Parts 1 and 2 of the study might be related to 
the strain-rate sensitivity of PGS (Anuar and Briscoe, 2009; Çelik, 2009), whereby its 
deformation behavior during compaction is known to be affected by contact time of 
the powder with the punches (Anuar and Briscoe, 2009). Tablets in Part 1 were 
compacted using the manual press, which had lower compaction speed and longer 
contact time with the punches than the rotary press used in Part 2. Therefore, plastic 
deformation of PGS in Part 1 might have been less affected by the amount of 
compression pressure applied as there was ample time for deformation. Bonding 
capacities of tablets from different compression pressures could have thus been 
similar. On the other hand, the amount of elastic energy stored within the tablets was 
increased at higher compression pressures. Given the similar bonding capacities and 
different stored elastic energies, tablets that were compacted at high pressure showed 
greater Δ heights. In Part 2, plastic deformation of PGS might have been more 
dependent on compression pressure since there was less contact time with the punches 
for time-dependent plastic deformation. Tablets compacted at higher compression 
pressure thus had higher bonding capacities and greater resistance against volume 
expansion, resulting in lower Δ height observed. 
4D.2.2 Effects of tablet geometry and compression pressure on Δ AUC of 
corrected tablet profiles 
The mean Δ AUC of the corrected tablet profiles over the 24-hour period for each 










Fig. 47. Plots of mean Δ AUC of tablets compacted using the motorized rotary multi-
station press from each factor combination over the 24-hour period. Compression 
pressures: (A) 300 MPa, (B) 200 MPa and (C) 100 MPa. Tablet geometries: (—) R-
























Trends observed in Δ AUC generally corresponded to those observed in Δ height. 
However, there were subtle differences between the plots of the two parameters. For 
example, Δ height of C-FFBE tablets at high and intermediate compression pressures 
(Fig. 46A and Fig. 46B) corresponded to Model Ia’s profile (Fig. 18A), while Δ AUC 
of the same factor combination (Fig. 47A and Fig. 47B) corresponded to Model IIb’s 
profile (Fig. 18D). Δ segmented height profiles (Fig. 48) showed that there was some 
extent of axial dimension increase followed by contraction at the edges of C-FFBE 
tablets, even though the middle section was relatively stable. Consequently, Δ AUC of 
the profile decreased with time while Δ height was unaffected. 
(A) (B) 
  
Fig. 48. Surface plots of Δ segmented height for C-FFBE tablets compacted using the 
motorized rotary multi-station press. Compression pressures: (A) 300 MPa and (B) 
200 MPa. Contraction of axial dimensions at the tablet edges decreased Δ AUC over 





































Generally, FFBE tablets still showed more uniform axial dimensional changes across 
the tablet surface than convex tablets, such as that observed between R-FFBE and R-
STD tablets (Fig. 49). However, the degree of uniformity was lesser than the 
corresponding PGS tablets in Part 1, as seen by the greater increase in axial 
dimensions at the tablet edges compared to the middle region (Fig. 43A and Fig. 49A). 
Higher compaction speed of the rotary press relative to the manual press could have 
reduced the time available for particle rearrangement within the powder bed prior to 
particle deformation. The resultant non-uniform density distribution within the 
compacted tablet could in turn contribute to non-uniform axial dimensional changes 
across the tablet surface. 
(A) (B) 
  
Fig. 49. Surface plots of Δ segmented height of PGS tablets compacted at 300 MPa 
using the motorized rotary multi-station press. Tablet geometries: (A) R-FFBE and 
(B) R-STD. FFBE tablets showed more uniform axial dimensional changes than 


































4D.2.3 Effects of tablet geometry and compression pressure on SSHt and SSAUC 
Table 21 shows the mean SSHt and SSAUC values for tablets from each factor 
combination. Tablet contour was significant (p < 0.001) in affecting both SSHt and 
SSAUC. FFBE tablets had higher SSHt and SSAUC than convex tablets, indicating higher 
extent of latent dimensional recovery in FFBE tablets. Tablet shape was only 
significant in affecting SSAUC (p = 0.002), whereby round tablets had larger SSAUC 
than capsule-shaped tablets. As seen previously in Section 4D.2.2, Δ AUC of tablet 
height profiles detected the contraction occurring at the edges of capsule-shaped 
tablets, while Δ height of the tablet height profile was not affected as the middle 
region was fairly stable. This could suggest that Δ AUC of the corrected tablet 
profiles was a more sensitive parameter than Δ height in detecting differences in latent 
dimensional recovery between different tablet shapes. Compression pressure was also 
significant (p < 0.001) in affecting both SSHt and SSAUC as higher SSHt and SSAUC 
values were observed at lower compression pressures. In contrast to Part 1, no 
significant interactions were seen among tablet shape, tablet contour and compression 




Table 21. Mean SSHt and SSAUC values for tablets compacted using the motorized rotary multi-station press for each factor combination. 
Tablet 
geometry 
Compression pressure (MPa) 
300 200 100 
SSHt (%) SSAUC (%) SSHt (%) SSAUC (%) SSHt (%) SSAUC (%) 
R-FFBE 0.32 ± 0.01 0.32 ± 0.02 0.36 ± 0.03 0.36 ± 0.03 0.42 ± 0.04 0.43 ± 0.04 
R-STD 0.15 ± 0.07 0.15 ± 0.03 0.19 ± 0.04 0.21 ± 0.03 0.33 ± 0.05 0.38 ± 0.03 
C-FFBE 0.36 ± 0.12 0.24 ± 0.02 0.24 ± 0.02 0.25 ± 0.02 0.35 ± 0.02 0.37 ± 0.02 








4D.2.4 Effects of tablet geometry and compression pressure on changes in tablet 
breaking force 
Mean tablet breaking force values from each factor combination at different time 
intervals are shown in Table 22. Results were similar to those from Part 1 of the study. 
C-FFBE tablets were more likely to have significant decrease in breaking force over 
the storage period, while breaking force of round tablets was relatively stable and 
could even increase significantly over the 24-hour period. 
Both tablet shape (p = 0.002) and tablet contour (p = 0.016) had significant effect on 
percentage change in mean breaking force. Breaking force had increased significantly 
in R-STD tablets over the storage period. On the other hand, breaking force of C-
FFBE tablets decreased significantly, which corresponded with observations made in 
Part 1. Compression pressure had no significant effect on changes in tablet breaking 
force. No significant interactions were found among tablet contour, tablet shape and 
compression pressure. 
4D.2.5 Relationship between changes in axial dimensions and breaking force  
R-FFBE tablets continued to exhibit the greatest Δ height without appreciable 
variations in their breaking force. On the other hand, C-FFBE tablets had the largest 
decrease in breaking force despite having similar SSHT as R-FFBE tablets. 
Consequently, there seemed to be no direct relationship between changes in axial 
dimensions and breaking force. 
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Table 22. Mean tablet breaking force at different time intervals and percentage 
change in mean tablet breaking force over 24-hour period for tablets compacted from 






Mean breaking force (N) at   Percentage 





300  80.63 ± 0.57 81.60 ± 0.61  + 1.19 
200 75.37 ± 0.66 76.80 ± 0.51 + 1.90 
100 52.67 ± 0.72 51.70 ± 0.61 − 1.84 
R-STD 
300 79.33 ± 0.576 80.53 ± 0.39 + 1.51 
200 70.70 ± 0.63 73.20 ± 0.63* + 3.53 
100 48.87 ± 0.57 49.63 ± 0.69 + 1.56 
C-FFBE 
300 86.30 ±0.88 84.50 ± 0.82 − 2.09 
200 81.73 ± 0.82 79.23 ± 0.77* − 3.06 
100 59.90 ± 0.93 56.90 ± 1.04* − 5.00 
C-STD 
300 79.33 ± 0.56 79.20 ± 0.51 − 0.16 
200 75.10 ± 0.54 74.33 ± 0.73 − 1.03 
100  53.70 ± 0.64 53.97 ± 0.64   + 0.50 
*
 
Significant difference between the mean breaking force values at 0-hour and 24-




In this study, tablet geometry and compression pressure were found to have 
significant impact on recovery in post-compaction matrices. Changes in tablet axial 
dimensions with time were analyzed using a line method which was developed in this 
study to assess the extent and uniformity of axial dimensional changes across the 
tablet surface. For all three excipients evaluated, changes in tablet axial dimensions 
during storage were primarily affected by tablet contour. FFBE tablets generally 
showed greater Δ height with more uniform axial dimensional changes across the 
tablet surface as compared to convex tablets. In addition, PGS tablets compacted at 
low speed on the manual press showed greater Δ height than those compacted at high 
speed on the rotary press, possibly due to strain-rate sensitivity of the excipient. 
Extent and response of Δ height in PGS tablets to compression pressure was also 
dependent on the tablet press used, with different trends observed in Parts 1 and 2 of 
this study. 
No direct relationship between Δ height and breaking force could be determined. 
Conversion of breaking force values to TS values for comparison may provide more 
meaningful information but exact mechanism(s) underlying the relationship, if any, 
will require further investigation beyond the scope of this study. 
Results from both parts of this study had shown that the line method could overcome 
limitations of conventional point methods. More importantly, parameters such as 
AUC and segmented height could complement tablet height to demonstrate the 
significant impact of tablet geometry and compression pressure on the extent and 
uniformity of axial dimensional changes across the tablet surface. Through judicious 
selection of tablet geometries and compaction parameters, it is possible to minimize 











In this thesis, laser-optical sensors that operate based on laser triangulation principles 
were employed in a setup designed to measure and profile time-dependent 
dimensional changes in multiple compact samples simultaneously. Through semi-
automatic, quasi-continuous collection of line profiles from 2 laser-optical sensors 
affixed in the axial and radial orientations, mathematical models were developed to 
convert these line profiles into meaningful compact height and diameter 
measurements respectively. Measurements of compact height and diameter by the 
developed laser profiler were shown to be of similar accuracy to the commonly-
employed micrometer screw gauge when measuring a solid non-deforming model 
compact. In addition, when measuring potentially deforming model pharmaceutical 
tablets, the non-contact working principle of the laser profiler provided an advantage 
over conventional contact measurement tools as it avoided the inaccuracies caused by 
mechanical deformation, abrasion and/or chipping of soft tablets. The laser profiler 
was also found to be suitable for extended-duration semi-automatic operation as it 
produced consistently accurate measurements with no sample handling required by 
the analyst after loading of the samples. Overall, these features provide the laser 
profiler with an advantage over other methods that are currently used. The potential 
for applications in monitoring of dimensional changes in post-compaction matrices, 
especially over a long time frame was evident.  
In the subsequent experiment conducted to study the impact of storage temperature 
and RH conditions on physicomechanical properties of tablets of post-compaction 
matrices over time using the laser profiler, changes in tablet physicomechanical 
properties were observed to follow 4 distinct hyperbolic models when plotted against 
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time. Using these models, the quantitative parameters of SSresponse and t50response were 
derived and used for statistical comparison. The mathematical approximations proved 
useful to avoid subjectivity and ambiguity in derivation, especially when tablet 
volume and TS being investigated continued to change beyond 4 weeks post-
compaction. 
The conditions under which evaluation of recovery in post-compaction matrices 
should be conducted were also better understood. Storage conditions of RH were 
found to play a more significant role than temperature in the physicomechanical 
changes observed post-compaction. Changes in tablet dimensions and TS could be 
mostly attributed to moisture sorption/desorption and latent recovery of the tablets. 
Excipients that can take up large amounts of water, like MCC, may be influenced by 
moisture effects, while the viscoelastic-deforming excipient, PGS, showed additional 
viscoelastic effects on the changes in physicomechanical properties of tablets during 
storage. The influences of moisture and/or viscoelastic effects were dependent on the 
nature of the excipient being compacted. Hence, prudent selection, implementation 
and control of equilibration and test storage conditions would be required to avoid 
confounding effects of moisture and temperature in evaluation of recovery in post-
compaction matrices. 
Through analysis of compacts made from multi-component formulations, it was 
shown that the often neglected changes in compact diameter could be dissimilar to 
that observed in compact height. Hence, evaluating both height and diameter would 
provide greater insights into the recovery of post-compaction matrices. Poisson's ratio 
was assessed as a parameter for combination of both height and diameter data. From 
the plots of Poisson's ratio against time, trends were observed to provide qualitative 
information on the nature of the excipients being compacted. Additionally, changes in 
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tablet TS were negatively correlated to the dimensional changes observed which 
could be attributed to porosity changes. 
Finally, the impact of tablet geometry and compression pressure on recovery in post-
compaction matrices was assessed via a proposed line method for analysis of the 
extent and uniformity of axial dimensional changes across the tablet surface. Using 
axial dimensional data from the laser profiler, additional parameters derived from the 
corrected tablet profiles, such as the segmented height and AUC, were beneficial in 
demonstrating the non-homogeneous changes in axial dimensions at the center and 
edges of the tablet. Tablet contour was observed to significantly affect dimensional 
changes as FFBE tablets generally showed greater extent of recovery with more 
uniform height changes across the tablet surface as compared to convex tablets. Strain 
rate sensitive excipients like PGS were also significantly influenced by the type of 
tablet press used. When compacted on different tablet presses, the tablets' post-
compaction recovery response to variables like compression pressure was affected. 
Thus, through the studies conducted in this thesis, the laser profiler proved to be a 
useful tool in collecting accurate compact height and diameter data in the evaluation 
of recovery in post-compaction matrices. From the data, several quantitative and 
qualitative parameters were proposed and applied to reveal the complexities in 
recovery of post-compaction matrices when subjected to formulation and non-
formulation influences such as storage conditions and tablet geometry. In light of 
these perplex relationships, application of general models for prediction of recovery in 
post-compaction matrices is likely to be limited.  
Based on the knowledge gathered in this thesis, future study directions may be 
discerned. For greater practical relevance, research in the field of tablet recovery 
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should be extended to study multi-component formulations and granulated material as 
they may present interaction effects beyond what was observed in single/binary-
component formulations. Ideally, tablet recovery data should also comprise both in-
die and out-of-die information to provide a more thorough understanding of changes 
which begin upon relief of the main compression load. The use of instrumented tablet 
presses will generate in-die recovery data that can complement the out-of-die data 
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